catalysts

Article

Bio-DEE Synthesis and Dehydrogenation Coupling of
Bio-Ethanol to Bio-Butanol over Multicomponent Mixed Metal

Oxide Catalysts

Izabela S. Pieta '*(0, Alicja Michalik ?, Elka Kraleva 3, Dusan Mrdenovic !, Alicja Sek 1%, Ewa Wahaczyk !,
Agnieszka Lewalska-Graczyk !, Mikolaj Krysa %, Anna Sroka-Bartnicka #>(, Piotr Pieta 109,
Robert Nowakowski 107, Agata Lew ® and Ewa M. Serwicka >

check for

updates
Citation: Pieta, L.S.; Michalik, A.;
Kraleva, E.; Mrdenovic, D.; Sek, A.;
Wahaczyk, E.; Lewalska-Graczyk, A.;
Krysa, M.; Sroka-Bartnicka, A.; Pieta,
P, et al. Bio-DEE Synthesis and
Dehydrogenation Coupling of
Bio-Ethanol to Bio-Butanol over
Multicomponent Mixed Metal Oxide
Catalysts. Catalysts 2021, 11, 660.
https:/ /doi.org/10.3390/ catal11060660

Academic Editors: Irina L. Simakova

and Dmitry Yu. Murzin

Received: 30 April 2021
Accepted: 19 May 2021
Published: 22 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Physical Chemistry Polish Academy of Science, 01-224 Warsaw, Poland;

dmrdenovic@ichf.edu.pl (D.M.); alicja.sek@umcs.pl (A.S.); e.wachaczyk@ichf.edu.pl (E.W.);

alewalska-graczyk@ichf.edu.pl (A.L.-G.); ppieta@ichf.edu.pl (P.P.); rnowakowski@ichf.edu.pl (R.N.)

Jerzy Haber Institute of Catalysis and Surface Chemistry PAS, Niezapominajek 8, 30-239 Krakow, Poland;

ncmichal@cyf-kr.edu.pl (A.M.); ncserwic@cyf-kr.edu.pl (E.M.S.)

3 Leibniz-Institut fiir Katalyse e.V. (LIKAT Rostock), Albert-Einstein-Str. 29a, 18059 Rostock, Germany;
Elka.Kraleva@catalysis.de

4 Department of Biopharmacy, Medical University of Lublin, Chodzki 4a, 20-093 Lublin, Poland;

krysamikolaj@gmail.com (M.K.); anna.sroka@umlub.pl (A.S.-B.)

Department of Genetics and Microbiology, Maria Curie-Sktodowska University, Akademicka 19,

20-033 Lublin, Poland

Chemeko-System SP. z 0.0, 54-519 Wroclaw, Poland; agata.lew@chemekosystem.pl

*  Correspondence: ipieta@ichf.edu.pl; Tel.: +48-223-432-092

Abstract: Within the Waste2Fuel project, innovative, high-performance, and cost-effective fuel
production methods from municipal solid wastes (MSWs) are sought for application as energy
carriers or direct drop-in fuels/chemicals in the near-future low-carbon power generation systems
and internal combustion engines. Among the studied energy vectors, C;-C; alcohols and ethers
are mainly addressed. This study presents a potential bio-derived ethanol oxidative coupling in
the gas phase in multicomponent systems derived from hydrotalcite-containing precursors. The
reaction of alcohol coupling to ethers has great importance due to their uses in different fields. The
samples have been synthesized by the co-precipitation method via layered double hydroxide (LDH)
material synthesis, with a controlled pH, where the M(II)/M(III) ~ 0.35. The chemical composition
and topology of the sample surface play essential roles in catalyst activity and product distribution.
The multiple redox couples Ni2* /Ni®*, Cr?* /Cr®*, Mn?* /Mn3*, and the oxygen-vacant sites were
considered as the main active sites. The introduction of Cr (Cr3* /Cr**) and Mn (Mn®* /Mn**) into
the crystal lattice could enhance the number of oxygen vacancies and affect the acid/base properties
of derived mixed oxides, which are considered as crucial parameters for process selectivity towards
bio-DEE and bio-butanol, preventing long CH chain formation and coke deposition at the same time.

Keywords: layered double hydroxide; hydrotalcite-derived mixed oxides; bio-ethanol; n-butanol;
diethyl ether; aldol condensation

1. Introduction

Thirty years ago, in 1990, the first report of the Intergovernmental Panel on Climate
Change (IPCC) was released, aiming to (1) summarize existing scientific knowledge on
anthropogenic climate change, (2) assess the impact of climate change on humanity, and
(3) identify solutions to the problem [1]. The world’s energy resources and consumption
have been determined in terms of greenhouse gas (GHG) emissions by applying predictive
models. Currently, it is expected that advanced biofuels and alternative fuels will play an
increasingly pivotal role in the gradual substitution of fossil fuels with fuels of renewable
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origins, transport decarbonization, and the diversification of energy sources, according to
European Union legislation on sustainable growth [2-6]. Fuel demand and GHG challenges
will most likely require the use of fuel mixtures, which can be derived from a large variety
of primary energy sources, with renewable ones taking priority [7-10]. The advantages
of biomass-derived fuels, such as biogas, bio-methanol, and bio-ethanol, as alternatives
have been highlighted [6,11]. There is a broad agreement that all sustainable fuels will
need to eliminate the carbon footprint [12] and fully meet the expected demand to also be
used among others as feedstocks in various chemical processes and fine chemical synthesis
to valuable products [13,14]. Among versatile and vital resources, biomass and wastes
(i.e., municipal solid wastes, MSWs) receive continuously increasing attention as a promis-
ing feedstock (carbon source) for chemical and fuel production [12,15-17].

Bio-ethanol, obtained from polysaccharide biomass, is an attractive product for use
as chemicals and biofuels [18-20]. It is used as an alternative energy source for substi-
tuting gasoline. Bio-ethanol is critical as an intermediate product in the new chemical
industry based on renewables [21]. Current bio-ethanol production is predominantly based
on corn and sugarcane [17]. During the last decade, ethanol production from abundant
and inexpensive lignocellulose gained increasing attention. Moreover, several technical
improvements extend the possibilities for commercial ethanol production, e.g., improved
enzymes to convert starch to sugars (hydrolysis), enhanced bacteria (fermentation), and
water separation methods. From this perspective, ethanol can be considered one of the
most promising biobased chemicals, mainly due to its broad potential as a feedstock for
multiple processes and its established high-volume production [12,15,16]. Bio-ethanol has
an advantage compared to other biomass feedstocks, such as lignin, cellulose, hemicel-
lulose, and fatty acids: it can be directly converted, in one-pot processes, into “drop-in”
chemicals [22]. Apart from that, bio-ethanol can be used to obtain some of the same
building block chemicals currently obtained from petroleum (e.g., ethylene, 1,3-butadiene,
propylene, and higher hydrocarbons) as well as for the production of oxygenated molecules
(e.g., 1-butanol, ethyl acetate, acetaldehyde, and acetic acid) [23].

Chemicals from ethanol reactions can be broadly grouped into two types. Those that
do not form C-C bonds (non-C-C coupling products, e.g., formaldehyde, methyl acetate,
etc.) and those that form C-C bonds (C-C coupling products, e.g., Cs; alcohols, aldehydes,
esters, etc.) [24-26]. The C-C coupling products are of particular interest as they possess
higher energy contents than ethanol and can be hydrogenated to Cs, alcohols. These
products (e.g., n-propanol, butanols) are considered as more desirable drop-in additives
compared to ethanol due to their superior chemical (e.g., less hygroscopic, higher energy
content) and fuel characteristics (e.g., higher octane numbers) [27,28]. Moreover, it has
been shown that ethanol coupling offers an economical and sustainable route for n-butanol
production [29]. In addition to the drop-in chemicals, other commodity chemicals can be
industrially produced from ethanol [17,22]. For example, Davy Technologies has developed
a one-pot process for the partial dehydrogenation of bio-ethanol into ethyl acetate [30],
using, i.e., copper supported on silica catalyst, with a production of 50,000 tons per year in
South Africa plant [31].

The hydrotalcite-based materials have been reported to show good catalytic activity
in various reactions, such as biogas [32], coke, or methane reforming, as well as sorption
capacity, stability, and easy regeneration by temperature or pressure swing [33—47]. Hy-
drotalcites (HTs) are naturally occurring layered double hydroxides (LDHs). The mineral
hydrotalcite itself is a magnesium-aluminum hydroxycarbonate with the general formula
[Mge Al (OH)14]CO3*4H,0 [38,40,48]. The HT family includes many isost x xructural and
polytype forms [38-40,48,49]. Their properties can be tailored through cation and anion
exchange in the precursor framework [49-51]. The possibility of modifying the cations or
their ratios and the interlaminar anion makes these materials a very versatile system with
desirable catalytic properties. The adjustment of the acidic or basic properties of LDHs
or mixed oxides that are generated by calcination at high temperatures has recently been
studied [38-51].
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Acid-base properties in Mg-Al mixed oxides, generally known to be crucial for
catalytic activity and selectivity, strongly depend on their chemical compositions and
preparation procedures [48,52]. Although much is now known about the properties of
hydrotalcite-based materials, the composition and structure of the active sites and reaction
mechanism of ethanol coupling to butanol have not been clearly defined.

In this work, the development of heterogeneous catalysts for the conversion of ethanol
into commodity chemicals is discussed. Ni-based catalysts obtained from hydrotalcite-
containing precursors were synthesized and studied. The effect of different divalent and tri-
and four-valent cations (Ca2*, Mg2+, NiZt /N3, Cr¥t /Cr3* /Cr**, Mn2* /Mn?* /Mn?*t, AP+,
Zr**) presence in the HTs precursor-containing framework on the performance of the mixed
oxide catalysts was investigated. This work aims to elucidate the site requirements for
ethanol coupling to butanol and diethyl ether (DEE) over the hydrotalcite-based materials
and the mechanism by which this process occurs.

2. Results
2.1. Catalyst Characterization

The chemical compositions of the mixed oxide active phases are shown in Table 1.
These data confirm that the obtained compositions of all WP samples are close to the
intended ones based on the ratios of the key elements of the Al component.

Table 1. Catalysts and atomic ratios of structural elements relative to Al content.

Atomic Ratios from Synthesis (Measured by EDS)

Catalyst
s Ni Mg Ca Mn Cr Zr Al

WP-1: Nio_35A1-CO3 (822) - - - - - 1.00 (10)

. 0.35 0.13
WP-2: N10_35Mg0_13 Al—CO3 (051) (015) - - - - 1.00 (10)
WP-3: Nig35Mgg 13 Mng go18 0.35 0.13 ) 0.0018 0.0017 0.0054 1,00 (1.0)
Cr0'0017 Zr0'0054 Al—CO3 (041) (022) (00098) (00088) (00062) ’ ’

. 0.35 0.13
WP-4: N10,35Ca0_13 AI-CO3 (043) - (014) - - - 1.00 (10)
WP-5: Ni0.35Ca0'13 Ml’lo'OOlg 0.35 _ 0.13 0.0018 0.0017 0.0054 1.00 (1 0)
Cr0_0017 Zr0_0054 Al—CO3 (041) (022) (00098) (00088) (00062) ’ ’

Figure 1 shows the XRD patterns of active phase precursors obtained by the stan-
dard co-precipitation method (Figure 1A) as well as calcined and spent catalyst samples
(Figure 1B,C, respectively).

Pristine (only dried) WP1 hydrotalcite-like materials showed broad reflections at-
tributable to a crystalline hydrotalcite phase, with indexing following the previously
reported data (reflections at 26 equal to 11°, 23°, and 35°; JCPDS 22-0452) [53,54]. These
data suggest the isomorphic substitution of Mg?* by Ni?* in hydrotalcite brucite-like
layers, which is in agreement with similarity in the effective ionic radius of those two
components (Table 2) [55,56]. However, it is worth noting that the peaks related to the
hydrotalcite phase are broad, and their intensity decreased with increasing content of the
different divalent and tri- and four-valent cations (Ca®*, Mg2+, Ni2+ /Ni?*, Cr2* /Cr3* /Cr**,
Mn2* /Mn3* /Mn**, A13*, Zr**). This can indicate indicating a more disordered structure,
changes in layer-spacing or a decrease in crystallinity [55-58]. Additionally, for Mg-
containing samples, traces of crystalline Al(OH)3 (bayerite, JCPDS: 21-1307) phase were ev-
ident. The phase was present due to the excess of aluminum ions in relation to the hydrotal-
cite structure requirement (in the natural hydrotalcite M?* /M>* = 3, and in the formulations
M2+ /M3 ~ 0.35).
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Figure 1. XRD patterns of the (A) as prepared, (B) calcined, and (C) after-reaction samples.
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Table 2. Ionic radii of the selected elements [56].

Ionic Radii, pm (Ion Coordination)

Element
Crystal Effective
Mg 86 (+2) 72 (+2)
Ca 114 (+2) 100 (+2)
Al 67.5 (+2) 53.5 (+2)
Ni 83 (+2), 70 (+3) 69 (+2), 56 (+3)
Cr 87 (+2),75.5 (+3), 69 (+4) 73 (+2), 61.5 (+3), 55 (+4)
Zr 86 (+4) 72 (+4)
Mn 81 (+2), 72 (+3), 67 (+4) 67 (+2), 58 (+3), 53 (+4)

The formation of bimetallic solids between Ni and Al can be explained by the insertion
of AI%* ions (69 pm) in the NiO crystal lattice, which, due to the lower ionic radius of AlBH,
leads to the decrease in the dimensions of NiO cubic cells. This insertion is allowed as
the size of the AI** does not differ by more than 15% from that of the Ni?* (72 pm), and
it crystallizes in the cubic system in the form of transition alumina that can be formed by
calcination. Moreover, it has an electronegativity close to that of nickel, which complies
with three of the Hume-Rothery rules. For Ca-containing samples, the presence of CaCOj3
(vaterite modification) was observed, consistent with the previously reported data for
calcium carbonate samples [57,58]. Additionally, intensity decrease and broadening of XRD
pattern reflexes were observed (Figure 1A), suggesting incompatibility between the charge
(Cr**, Mn**, Zr**) and the ionic radius of selected elements (Table 2) of the dopant and the
crystal structure of the brucite layer in HT-like material [51]. The HT-like phase structure
collapsed for samples calcined at 823 K, and different phases were detected in the XRD
diffraction patterns (Figure 1B). The reflections characteristic of the periclase-like structure
of mixed oxides (reflections at 26 equal to 37°, 43.5°, 63°) were the most intense [55]. Some
overlapping signals related to NiO (JCPDS 65-5745) and Al,O3 (JCPDS 04-0880) were also
observed. In the samples containing calcium, CaCOj3 phase transformation to calcite was
evidenced with sharp reflections located at 20 equal to 37°, 43.5°, 63°. This result shows
that the calcination performed at 823 K was sufficient to transform the hydrotalcite and
bayerite phases into the corresponding oxide forms but was too low to cause the CaCOj3
decomposition. All detected phases in calcined samples were present in samples after
reaction (Figure 1C), suggesting good structure stability of the samples. The BET area
(Apgr) measured for the calcined samples stayed roughly constant at around 210 m?/g
in both types of samples (Mg-containing WP-1, WP-2, and WP-3) or Ca-containing ones
(WP-4, WP-5).

Figure 2 shows SEM and TEM images of the calcined (WP-1-WP-5) and after reaction
(WP-1AR-WP-5AR) samples. All catalysts obtained from hydrotalcite-like precursors were
composed of plate-like particles (Figure 2, WP-1-WP-5). The sample morphology was
not changed, comparing both Mg-containing or Ca-containing samples to the pristine
WP-1 sample. Moreover, this morphology has been preserved in all samples after reaction
(Figure 2, WP-1AR-WP-5AR). TEM images of calcined samples (WP-1'-WP-5’), shown
in Figure 2, reveal some differences in the microstructures of prepared catalysts. In all
samples, the active mixed oxide phase particles are visible as black and/or dark grey grains,
dispersed among the amorphous phase. In all Cr-, Mn-, and Zr-doped catalysts obtained
from HT-like precursors, the calcined, mostly Ni-metal-based active phase forms oxide
particles stayed in the range 5-6 nm.
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Figure 2. SEM images of the calcined catalysts WP-1-WP-5 with corresponding TEM images of
WP-1"-WP-5"; and SEM images of the spent catalysts WP-1AR-WP-5AR.

The DRIFT spectra of calcined samples are shown in Figure 3.
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Figure 3. DRIFT spectra of the calcined WP catalysts.

The spectrum recorded for WP-1 shows three broad complex absorptions with max-
ima located at 700-1200, 1250-1750, and ca. 3500 cm ™!, in accordance with previous
studies [33,55,59,60]. The broad band at 3470 cm ! was ascribed to the OH stretching
mode v(OH)™ of structural hydroxyl groups. The corresponding H-O-H bending mode of
physisorbed water was evidenced at 1632 cm~!. The band at 1763 cm~! corresponds to
the presence of some interlayer water. The appearance of this vibration in the spectra is
most likely explained by the “memory effect” of the calcined powder sample or incomplete
decomposition of the layered structure during calcination [55,59,60]. The bands in the
700-1200 and 1250-1750 cm ™! spectral regions are characteristic of carbonate vibrations.
For all HT-derived samples (WP-1-WP-5), the recorded spectra were similar and presented
the most intense band, located at 1034 cm~!. According to the previous research, this peak
can be ascribed to the v1 mode of carbonate [61]. Usually, this mode stays IR-inactive due
to the symmetry rules. However, in the interlayer, the D3, symmetry of free carbonate
is lowered to Csy or Cyy, and it becomes activated. For WP-4 and WP-5 samples, dis-
placement and splitting of this band were observed, which can be related to the calcite
presence, where the local symmetry of carbonate was D3 [61]. These results are in good
agreement with the XRD measurement, where the presence of calcite has been evidenced
for Ca-containing samples (WP-4 and -5). The bands recorded below 1000 cm ! can be
due to the carbonate (ca. 850 cm~!) and M-OH modes. Moreover, these features are also
typical of the spinel structure and can be related mainly to the formation of y-Al,O3 and
(Mg/Mn/Cr/Zr)Al,Oy, as the bands at low wavenumbers (usually at 700 and 570 cm ™)
are assigned to the so-called v; and v, vibrational mode of isolated tetrahedra, i.e., [AlO4]
and octahedra, i.e., [AlOg], respectively [55,60].

The Raman spectra of the calcined WP-1-WP-5 samples before and after the reaction
are presented in Figure 4. A broad signal around 551 cm~! was also observed for all
the materials. This signal was related to octahedral Ni?* species. Usually, the Raman
spectra of nickel oxide are reported to possess five bands that originate from the optical
vibrations produced by one phonon (1P) of the transverse optical (TO-440 cm™1) and
longitudinal optical (LO-560 cm 1) and by two phonons (2P). As a result of the TO+TO
TO+LO and LO+LO coupling, three scatterings were further observed at 730, 930, and
1080 cm ™! [62-64]. The Raman spectra of all the calcined WP samples mainly displayed
the band originating from the 1P scattering at 551 cm ™!, whereas bands related to the
2P coupling were not identified. This band is considered as characteristic of nickel oxide
with alterations in its crystalline structure, which may be due to vacancies created by the
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non-stoichiometric Ni;_,O oxide or the Ni** presence in the structure [64]. The presence
of smaller AI** ions in the NiO lattice may cause the formation of crystalline defects and
vacancies, favoring the 1P interaction. It is noteworthy that, when traces of Mn, Cr, and Zr
are present in the structure, the band at 551 cm~! is wider, and blue shifted. This can be
explained by the formation of more defects and vacancies by dopant ions and/or by the
band coincidence with the lattice vibration of the hydroxyl layers of these metals [62-64].
In Figure 4B, the Raman spectra of the WP-X samples after the reaction are shown. It was
noticed that signals associated with the carbon are intense, shielding the metal signals.
The Raman spectra showed two characteristic peaks at 1585 and 1350 cm ! related to the
G and D bands. The G band corresponds to the stretching vibration between the C-C
bonds along the longitudinal axis of the graphite plane. In contrast, the D band refers to
association with the presence of amorphous carbon, disordered crystal structure, or crystal
defects [65,66]. The bands were deconvoluted as described previously; however, other bands
(Dy, D3, Dy) were not detected [67]. The graphitic index (Ig) of the samples was calculated
from the deconvolution of the signals, and the value for all the materials was around 25%.
The collected spectra revealed that the carbon formation during the carried reaction was the
highest for the WP-1 sample. In general, the Mg-containing catalysts contained more coke
after the coupling reaction, and they were more active than Ca-containing catalysts (Table 3).
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Figure 4. Raman spectra of the (A) calcined and (B) after-reaction WP catalysts.
Table 3. The physicochemical characterization and activity data.
Selectivity, mol%
Catalyst
ABREgT, ng*1 Conv, % Ethyl Ether n-BuOH Others ! C Balance, mol%
WP-1: Nig35A1-CO;3 223 975 32.1 16.3 51.7 93.4
WP-2: Nig35Mg 13 Al-CO5 216 95 26.1 45.7 282 95.1
WP-3: Nig.35Mgo.13 Mng 018
230 12.8 53.7 31.1 15.2 94.2
Cro.0017 Zro.0054 Al-CO;3
WP-4: Nig 35Cag,13 Al-CO3 207 5.1 19.9 34.7 454 84.1
WP-5: Nio 55Ca0.13 Mno go1s 212 103 31.9 288 39.2 80.2

Cro 0017 Zro.0054 Al-CO;3

1 Other products include acetaldehyde, ethyl acetate, butanal, butyl acetate, ethyl butyrate, 2-ethyl-butanal, hexanal, n-hexanol, butyl
butyrate, ethyl caproate, etc., and also CO/CO; (if any).
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2.2. Catalytic Performance

Figure 5 presents the effect of metal type content on the catalytic performance during
EtOH coupling reactions. At the investigated reaction conditions (350 °C, ambient pressure;
GHSV= 1.19 x 10° h™!), the MgAl catalyst had a very low alcohol conversion (EtOH
conv. ~10%) but high C-selectivity to n-butanol and ethyl ether (>40%). Ethanol coupling
occurred in the same temperature range for all the catalysts. There are several differences
in terms of activity, defined as conversion after 100 min and selectivity towards DEE and
n-butanol (Table 3). Incorporation of Ni in MgAIO (WP-2) afforded a selectivity of 46% to n-
butanol with an ethanol conversion of 15%. However, the NiAICO3 sample (WP-1) showed
high ethanol conversion (97%), but the selectivity of n-butanol and ethyl ether decreased.
Indeed, for the NiAICO3 sample, apart from the product decomposition, the products’
distribution changed, suggesting C-C coupling omittance, as was given previously [11].
This is due to the well-known ability of Ni in the form of NiO to activate C-H and O-H
bonds in alcohols to form the corresponding aldehydes and also due to the more acidic
nature of the surface composition determining the reaction pathway [11].
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Figure 5. Ethanol conversion and stability of catalysts. Conversion and selectivity were obtained at 100 min; reaction
conditions: 250 °C, 0.1 MPa in steady state. (Other products include acetaldehyde, ethyl acetate, butanal, butyl acetate,
ethyl butyrate, hexanal, n-hexanol, ethyl 2-ethyl butyrate, butyl butyrate, ethyl caproate, etc., and also CO/CO; (if any).)
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For the WP-3 catalyst (Mn, Cr, and Zr- modified Ni-Mg-Al mixed oxide), the highest
activity was observed in terms of ethanol conversion with selectivity toward DEE approach-
ing 60% (Figure 5). This behavior is most likely due to the introduction of Mn** species
in the Mg-based structure, and Mg?* species are more active for the aldol condensation
reaction. Thus, n-butanol formation was inhibited [39]. Other studies have also reported
that enhanced dehydration can be promoted instead. This is due to the interaction between
Mg?* and AI3* that weakens the metal-support interaction as well as due to the decrease
in Mg/ Al ratio [40,41]. The data presented in Figure 5 demonstrate that the promotor of
ethanol’s coupling reaction is the Mg-Al hydrotalcite precursor, which is in agreement with
the literature [24,26,32,39,61,68].

Mechanistic studies of alcohol (methanol+n-propanol, ethanol) coupling reactions on
mixed metal oxides (MgAlOy) have revealed that an optimum population of weak Lewis
acid and strong Bronsted base-pair sites resulting from intimate contact of Mg and Al oxide
phases is required for maximizing the C-C coupling reaction rates that are not achieved
with either monometallic oxides MgO (mostly basic), or Al,O3, (mostly acidic) [24,68,69].
DiCosimo et al. have shown that on MgAlO, mixed metal oxides (atomic Mg/Al = 1),
the maximum ethanol coupling formation rate to n-butanol coincides with the maximum
density of basic sites in the catalyst [68,69]. In the present work, we report vapor-phase
coupling reactions of ethanol on mixed metal oxides at varying metal contents aimed at
maximizing the C-C coupling product for ethanol.

In the vapor phase, the main reported reaction pathways for the C-C coupling of lower
alcohols to higher alcohols on multimetallic mixed oxides include several reactions, as
proposed by J.J. Bravo-Suarez et al. [24].

1. Alcohol oxidation (dehydrogenation) to aldehyde:
2RCH,CH,0H < 2RCH,CHO + 2H, (1)

2. Aldol condensation of aldehydes with the elimination of water (C-C bond-forming)
to an aldehyde:
2RCH,;CHO <« RCH,CH = CRCHO + H,O )

3.  Additionally, allylic aldehyde reduction (hydrogenation) to alcohol:
RCH,;CH = CRCHO + 2H; «+ RCH,CH,CHRCH,OH (©)]

Other reactions that have been proposed include direct alcohol and aldehyde conden-
sation (to C-C coupled intermediate species), hydroxy aldehyde keto-aldol interconversion,
reverse aldol coupling (to keto form), esterification reactions from aldehydes and surface
alkoxides, and ethanol decarbonylating (decomposition).

At the reaction conditions of our study, a wide range of different EtOH reaction
products were observed that can be broadly grouped as: (1) C-C coupling (butanol) and
dehydration (ethyl ether); (2) non-C-C coupling (e.g., HyCO, HAc, HCOOCHj3, MeOAc);
and (3) decomposition (e.g., COx) products.

During the coupling reaction, the water was formed, but the water’s presence does
not harm the catalysts’ structures and morphologies, evidenced by XRD (Figure 1c) and
SEM (Figure 2). All catalysts preserve a mixed oxide structure. The water could remove
the coke by gasification; however, for these catalysts, this route apparently did not occur
with a high conversion level at the temperatures used [42].

The direct transformation of ethanol into 1-butanol is described as being catalyzed by
solid bases [70]. For such catalysts, mechanistic studies have shown that ethanol dimer-
ization is the preferred mechanism, which is usually supported by the fact that expected
reaction intermediates are detected [71,72]. In general, two alternative mechanisms have
been proposed for alcohol coupling, namely, a Guerbet reaction or a direct condensation
mechanism (Figure 6) [71,72]. In the Guerbet reaction, the C-C formation occurs via aldol
condensation. This reaction includes dehydrogenation of ethanol to an aldehyde (often
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identified as the rate-limiting step), followed by aldol-type condensation of aldehyde and
transfer hydrogenation (TH) of polarized substrates [73,74]. Most likely, for studied WP-X
catalysts, both Hy and produced HyO can act as hydrogen donors, as suggested earlier [73].
In the second mechanism, i.e., direct condensation, the first activation of the 3-H of ethanol
molecule is followed by the condensation with another ethanol via dehydration [74]. Thus,
dual functionality of catalytic systems is required to provide desirable Guerbet conversion
and selectivity, where one component is active in ethanol dehydrogenation and support
or/and the second component shapes the acetaldehyde aldolization selectivity.
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Figure 6. Mechanism of ethanol coupling with the proposed pathway of bimolecular dehydration to DEE. Based on [71,72].

Until now, various transition metals have been reported to enhance ethanol dehydro-
genation, aiming to improve ethanol conversion under mild conditions [72,74]. Incorpo-
ration of Ni to LDH-derived catalysts showed promising activity with high selectivities
related to the acid—base site modification of WP-X catalysts” surfaces. In the Ag-supported
MgAI-LDO catalyst, the basic sites promote the adsorption and subsequent dehydrogena-
tion of ethanol on uniformly dispersed Ag particles [74]. Thus, the acid—base cooperation
was ascribed to promote the C-C bond formation of dehydrogenated intermediate via
aldol condensation. In the case of investigated WP-X, Ni most likely acts as a hydrogen-
transfer component. Simultaneously, the presence of the multiple redox couples Ni** /Ni%*,
Cr?* /Cr3*, Mn2* /Mn3*, and the oxygen-vacant sites affect the acid/base properties of
derived mixed oxides. This dual functionality is of crucial importance for the process selec-
tivity towards bio-DEE and bio-butanol. This complex issue is currently under detailed
investigation by our group.

2.3. Structural Changes of Catalyst

The average Raman spectra of WP1 before and after the reaction are present in
Figure 7A,B, respectively. The spectrum of the sample before the reaction displays bands
at 391 cm ™!, originating from the A; phonon mode of AI** or Ni?* species, at 562 cm ™!,
ascribed to phonon mode of Ni?* species, at 816 cm ™!, corresponding to the condensed
tetrahedral AlOy4, at 1104 cm ™1, assigned to vCO52~ ion, and at 1605 cm ™!, from an

unknown source [1-4].
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Figure 7. Deconvoluted Raman spectra of the WP1 (A) before and (B) after the reaction. (C) Raman maps with the
distribution of selected WP1 bands (top row) before and (bottom row) after the reaction. Red spectra correspond
to the cumulative spectrum consisting of the deconvoluted bands. Other colors of spectra correspond to the single

deconvoluted bands.

The spectrum of the after-reaction sample contains bands at 383 cm !, corresponding

to the A1 phonon mode of AI** or Ni?* species, and at 522 cm ™!, ascribed to the phonon
mode of Ni%* species. The band at 816 cm ™!, corresponding to condensed tetrahedral
AlQy, was present in the sample’s spectrum before but not after the reaction. Moreover, the
band at 1085 cm~! appeared in the after-reaction sample. This band is ascribed to either
two phonon modes of Ni?* species or vCO32~ ion [3]. The latter is more probable as a
similar band was present in the sample’s spectrum before reaction (at 1104 cm~!). Two
additional bands, located at 1351 and 1578 cm ™!, are present in the sample’s spectrum
after the reaction. They are assigned to imperfect graphite (D band) and perfect graphite
or graphene (G band), respectively [5]. Bands at ~385 and ~540 cm ! are present in both
samples’ spectra. However, both bands are significantly shifted toward lower Raman shift
values in the after-reaction sample’s spectrum compared to that of the before-reaction
sample. This result suggests a change in the catalyst structure. The band at ~385 cm ™!
has a comparable area under the curve in both samples. However, in the after-reaction
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sample’s spectrum, the band at ~540 cm ™! has a three-fold higher area compared to that
before the reaction. This result might indicate the condensed tetrahedral AlOy4 (the band
that disappeared in the after-reaction sample) transformation to octahedral AlOg, which
might be found in the lower Raman Shift values [1]. The G and D bands were present in
the after-reaction sample’s spectrum, suggesting that the reaction product was a coke.

In the chemical maps of the before-reaction sample, all bands, except for the one at
1605 cm ™!, were evenly distributed throughout the sample. The band at 1605 cm~! was ob-
served on the sample surface, whereas the band at 816 cm ™! was absent. This result might
indicate an incomplete reaction while creating the catalyst or uneven reaction throughout
the sample. In the after-reaction sample’s chemical maps, the bands corresponding to the
catalyst were evenly distributed throughout the sample. The D and G bands were located
in the specific sample areas. They were not correlated with the catalyst band occurrence,
which proves that the reaction was complete and the catalyst did not degrade during the
catalytic reaction (which was also proven when taking into account the averaged spectra).
Moreover, D and G bands were distributed in the same sample locations, proving that the
production of imperfect and perfect graphite or graphene needs the same conditions.

The average Raman spectra of WP2 before and after the reaction are present in
Figure 8A,B, respectively.

30+ —— Cumulative Fit Peak 40+ —— Cumulative Fit Peak

A — B

1600 1400 1200 1000 800 600 400 1600 1400 1200 1000 800 600 400
Raman Shift’cm™ Raman Shift/cm™

1168 cm™ 1583 cm™

Intensity
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Figure 8. Deconvoluted Raman spectra of the WP2 (A) before and (B) after the reaction. (C) Raman
maps with the distribution of selected WP2 bands (top row) before and (bottom row) after the
reaction. Red spectra correspond to the cumulative spectrum consisting of the deconvoluted bands.
Other colors of spectra correspond to the single deconvoluted bands.
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The WP2 spectrum displays bands at 391 cm !, originating from the A; phonon mode
of AI®* or Ni%* species, at 562 cm~! ascribed to the phonon mode of Ni2+ species, at
1084 cm !, corresponding to either the two phonon modes of Ni?* species or vCO3%~ ion,
at 1168 cm™!, from an unknown source, and at 1583 cm ™!, assigned to the MgO crystal G
band [2—4,6].

In the after-reaction sample, the spectrum contains bands at 394 cm™", corresponding
to the A; phonon mode of AI** or Ni?* species, at 523 cm ™!, ascribed to the phonon mode
of Ni?* species, at 1085 cm ™!, assigned to either the two phonon modes of Ni** species or
vCO;2" ion, at 1384 cm ™!, ascribed to the imperfect graphite (D band), and at 1578 cm ™!
correspond to perfect graphite or graphene (G band) [5]. In the after-reaction sample, the
band corresponding to the phonon mode of Ni?* species was significantly shifted toward a
lower Raman shift value. It is probably due to the slight change in the catalyst structure.
The band at 1168 cm ™! was not detected in the after-reaction sample; however, it might be
overlapped by D and G bands. Moreover, in the after-reaction sample’s spectrum, D and G
bands were present. Although the G band was also present in the before-reaction sample’s
spectrum, the G band area in the after-reaction sample’s spectrum was almost 7.5 times
higher than that in the sample’s spectrum before the reaction (1899 vs. 254), as visible in
Figure 8A,B. This result shows that the sample induced coke production with very high
abundance (higher than WP1).

Before the reaction, the chemical maps of the sample show that all catalyst bands
were evenly distributed throughout the sample, proving the catalyst’s chemical homo-
geneity. In the after-reaction sample, the chemical maps indicate that the intensity of the
highest catalyst band (at 523 cm~!) was reversely proportional to the D and G bands.
This result might suggest that the reaction was not complete and that the catalyst de-
graded as the reaction progressed. However, the latter is not true. The area of the band at
523 cm~! in the after-reaction sample’s spectrum was higher compared to that in the before-
reaction sample’s spectrum. The arguments mentioned above prove that the WP2 catalyst
induced the coke production reaction with very high abundance and was stable in the used
reaction conditions.

The average Raman spectra of WP4 before and after the reaction are present in
Figure 9A,B, respectively.

The average spectrum of the sample before the reaction contains bands at 395 cm~ 1,
corresponding to the A; phonon mode of AI>* or Ni?* species, at 561 cm !, ascribed to the
phonon mode of Ni?* species, at 804 cm ™!, corresponding to the condensed tetrahedral
AlQOy, at 1084 cm ™!, ascribed to either two phonon modes of Ni* species or vCO32~ ion,
and at 1142 cm~!, from an unknown source [1-4].

The average spectrum of the after-reaction sample contains bands at 402 cm ™!, cor-
responding to the A; phonon mode of AI** or Ni?* species, at 531 cm ™!, ascribed to the
phonon mode of Ni?* species, at 787 cm !, corresponding to the condensed tetrahedral
AlOy, at1084 cm 1, ascribed to either the two phonon modes of Ni2* species or vCO32~ ion,
and at 1345, 1579, and 1606 cm ™, corresponding to the imperfect graphite (D band), perfect
graphite or graphene (G band), and imperfect graphite or disordered carbon (D" band),
respectively [5]. In the after-reaction sample’s spectrum, the band at 531 cm~! was signifi-
cantly shifted towards lower Raman Shift values compared to that in the before-reaction
sample’s spectrum. This result could indicate slight changes in the catalyst structure. The
band at 1142 cm ™!, present in the before-reaction sample, was not present in the after-
reaction sample, probably due to the degradation or structural change in the substance
corresponding to that band. Moreover, in the after-reaction sample, the D, G, and D’ bands’
presence proves that this catalyst induced coke production but with very low efficiency
(based on the bands’ area analysis).

1
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Deconvoluted Raman spectra of the WP4 (A) before and (B) after the reaction. (C) Raman maps with the

distribution of selected WP4 bands (top row) before and (bottom row) after the reaction. Red spectra correspond
to the cumulative spectrum consisting of the deconvoluted bands. Other colors of spectra correspond to the single
deconvoluted bands.

The before-reactions sample’s chemical maps consist of bands at 395, 804, and
1142 cm~! that were evenly distributed throughout the sample. However, the band at
561 cm~ !, the main band of the catalyst, and the band at 1084 cm~! were distributed in
specific sample regions, proving that the sample was not homogenous. In the after-reaction
sample’s chemical maps, all bands of the catalyst and its products were evenly distributed,
except for the band at 1085 cm ™. This band’s intensity was the highest in a specific sample
spot. Moreover, the intensity of all other bands was low in the same spot (except for the
band at 787 cm™!). These results indicate that the sample was not homogenous, and the
spot with high intensity of 1085 cm ™! band had low catalytic efficiency.

3. Materials and Methods
3.1. Materials and Reagents

High purity Avantor Performance Materials (POCH, Avantor Performance Mate-
rials Poland S.A., ul. Sowinskiego 11, Gliwice) nickel nitrate (Ni(NOj3),-6H,0O), mag-
nesium nitrate (Mg(NO3),-6H,0), calcium nitrate (Ca(NOs),-4H,0), manganese nitrate
(Mn(NO3),-4H,0), chromium nitrate (Cr(NO3)3-9H,0), zirconium nitrate (ZrO(NO3)3-xH,O),
aluminum nitrate (AI(NO3)3-9H,0), sodium hydroxide (NaOH), sodium carbonate (Na,CO3)
and nitric acid (HNO3) were used for the synthesis of the LDH.
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3.2. Synthesis and Characterization

The Ni-containing hydrotalcite-like precursors were synthesized by a co-precipitation
method from an aqueous solution of appropriate nitrate salts. During the synthesis, the
samples were prepared and denoted as WP1-WP5, respectively, with full composition
given in Table 1. An identical synthetic procedure was applied in all cases, e.g., the WP1
sample was synthesized as follows: Ni(NO3),-6H,O, and Al(NO3)3-9H,0O were dissolved
in deionized water (135 mL) at a molar ratio of M%* /M3* of 0.35. The metallic salt solution
was added dropwise into 370 mL of 0.2 M Na;COj3 solution under vigorous stirring.
During the synthesis process, the temperature was maintained at 328 K, and pH was kept
at 10 by simultaneous addition of 1 M NaOH. The obtained products were collected by
centrifugation, washed several times with distilled water, and dried at 323 K in air. Then,
the dried solids were ground using an agate mortar. A similar procedure was used to
obtain WP2-WP5 precursors. Finally, to prepare the mixed oxide materials, the hydrotalcite
precursors were calcined in a muffle furnace at 823 K for 4 h.

The crystalline phases of all the synthesized hydrotalcite-like materials and the cal-
cined products were determined from their XRD patterns, recorded using an X'Pert
PRO PANalytical B.V. The X-ray diffractometer used Cu Ko radiation (40 kV, 30 mA) of
0.154 nm. The XRD data were collected between 26 = 2° and 72°.

Raman spectra were collected in a Thermo Scientific DXR Raman Microscope, working
at an exciter line of 532 nm and incorporating a Charge Couple Device (CCD) detector.
Spectra were recorded in the 200-2000 cm ! Raman shift range with an accumulation time
of nearly 5 s, 10 mW of power, and 64 scans.

IR spectra of calcined samples were collected in a Nicolet iS50 FT-IR spectrome-
ter. A built-in all reflective, mid- and far-IR diamond attenuated total reflectance (ATR)
and diffuse reflectance (DRIFT) modules were used to record the IR spectra. Typically,
100 scans were collected at a resolution of 1 cm~! and 2 mW of power.

SEM images were obtained using the field-emission scanning electron microscope (FE-
SEM) FEI Nova NanoSEM 450 Series under vacuum ca. 10~ mbar. The WP catalyst sample
powders were deposited onto the standard SEM specimen stub for precise positioning
under the electron column for imaging. SEM images were collected using the Through
Lens Detector (TLD) of secondary electrons at the primary beam energy of 10 keV and
4.8 mm working distance from the pole piece. All images were obtained at a long scan
acquisition time (20 po) of typically 30 s per image after choosing the inspection region.
HRTEM TITAN 60-300 instrument with an X-FEG-type emission gun operating at 80 kV
was used to record TEM images. The microscope was equipped with a Cs image corrector
and a STEM high-angle annular dark-field detector (HAADF); its point resolution is
0.06 nm in TEM mode.

3.3. Catalytic Tests

The ethanol coupling tests were performed in a tubular fixed-bed reactor (5 mm
external diameter) equipped with an online mass spectrometer (MS). Typically, 40 mg of
sieved catalyst (20-40 mesh) was loaded into the reactor, and the remaining was filled with
quartz sand (20-40 mesh). Before the reaction, the catalyst was pre-treated in situ with
He (50 mL min~!) at 773 K with a rate of 10 K s~! for 3 h. Ethanol vapor and He were
mixed into the reaction system after the reactor was cooled to 523 K. The gas flow was
set to 60 mL min—!. Before the ethanol admission into the reaction system, ethanol was
vaporized at 423 K in a vaporizing chamber. The chromatographically pure ethanol was
pumped into the vaporizing chamber at 50 uL. min~! using a high-performance liquid
chromatography pump. The pipeline behind the reactor was heated to keep it at 473 K.
The products were identified and analyzed by online MS (Hiden, HPR 60). The ethanol
conversion and product selectivity were calculated as follows:

X% — Nin —Nynreacted % 100% (4)
Njn



Catalysts 2021, 11, 660 17 of 21

Cinol of specific product

S% = x 100% (5)
Crnol of products
C
Cbalanceo/ o= mol of products X 100% (6)
Cmol of conversed ethanol
Sdehydrogenationo/o =100% — SDEEO/O (7)
Sc-c coupling% = 2 SC4*C4+pr0ducts% 8)

where ny, and Nypreacted are the moles of initial and unreacted ethanol; C,,, is the
mole number of carbon in the products and conversed ethanol; S is the
selectivity for DEE (M/z = 59, 74), and C4-C4. products, such as n-butanol
(M/z = 56), ethyl acetate (M/z = 61), butanal (M/z = 72), butyl acetate (M/z = 73),
ethyl butyrate (M/z = 101), 2-ethyl-butanal (M/z = 100), hexanal (M/z= 82), n-hexanol
(M/z = 69), butyl butyrate (M/z = 89), ethyl caproate (M/z = 99).

3.4. Raman Spectroscopy

The Raman spectra were collected using a confocal Thermo DXR Raman Microscope.
The magnification of the objective was 50, and the laser with 532 nm wavelength and
8 mW of power was used. The parameters were optimized before the analysis. The
aperture was 50 pm pinhole, the exposure time was 4 s, and the number of exposures for
one spectrum was 20. All the samples were measured in the range 250-2700 cm~!; however,
only the 250-1750 cm ! spectral region is shown. The whole map was 15 x 15 pm, and
it was made with a step size of 1.5 um/1.5 pm in the x/y axis direction. The spectra
analysis (baseline correction, deconvolution) was performed using Origin Pro Software
(v. 9.1, OriginLab Corporation, Northampton, MA, USA, 2013). The band frequencies,
used for spectral deconvolution, were determined from the second derivative spectra. The
chemical map analysis was carried out in CytoSpec (v. 2.00.01). Maps were normalized
and baseline-corrected before the analysis.

4. Conclusions

The catalysts obtained from hydrotalcite-containing precursors have demonstrated a
moderate activity in the dehydrogenation coupling of bio-ethanol to produce more caloric
bio-fuels, namely, DEE and n-butanol. It was shown that, at given reaction conditions
(623 K and 0.1 MPa), the highest conversion was obtained for the bare Nig 35AI-CO3 (WP-1)
sample. Most likely, the basic sites highly influence catalyst activity. For the Ni and Mg-
containing catalyst (Nip35sMgp 13 AI-CO3 WP2), the ethanol dehydrogenation was carried
out with the highest efficiency with the participation of Ni sites and aldol condensation
promoted by acid-base cooperation. Further material modification with Cr, Zr, and Mn
increased the redox and oxygen storage capacity (OSC), increasing the number of oxygen
vacancies in the corresponding mixed oxide lattice. Thus, in the final WP-3 catalysts
(Nip35Mgp.13 Mng 9018 Cro.0017 Zro,0054 Al-CO3), the aldol condensation was limited as the
acidity increased, and the reaction seemed to be preferential towards DEE formation. Mg
exchange on Ca during the catalyst precursor synthesis resulted in derived mixed oxides,
with different basicities and /or different basic strength distributions, affecting the overall
bio-ethanol conversion and selectivity towards DEE and n-butanol. The effect of promoters
on the Ni particles’ stability and the electronic effect on Ni in the dehydrogenation coupling
of C;-C; bio-alcohols towards ethers and n-butanol is currently under detailed investigation
under the Waste2Fuel project.

All studied catalysts demonstrated the ability to synthesize coke. The Nig35Mgp 13 Al-
CO;3, catalyst (WP2) demonstrated the highest efficiency, while the Ni- and Ca-containing
catalyst (WP4) sample’s efficiency was the lowest. All samples’ structures changed dur-
ing the reaction; however, WP1 and WP2 probably did not degrade under the reaction
conditions used. The WP4 sample’ structure was inhomogeneous.
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