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The ethanol-to-butadiene (ETB) transformation proceeds through consecutive reactions, involving
hydrogenation/dehydrogenation, C-C coupling, and dehydration. Uniform active sites are needed to attain
high catalytic selectivity. It is a challenge to generate a catalyst containing three kinds of co-operating
active sites in high homogeneity. Lacking dehydration activity, basic MgO is active in converting ethanol
mainly to acetaldehyde and butanol, whereas the main products obtained over SiO, catalysts are
dehydration products ethylene and diethyl ether. 1,3-Butadiene could be obtained over MgO-SiO, mixed
oxide catalysts, having acidic and basic sites of strength and concentration favoring all three reactions.
Silica was either precipitated over the surface of MgO, or wet-kneaded with MgO to get mixed oxide
catalysts. More active ETB catalysts were obtained if the MgO component has a higher specific surface
area. XRD, EDS, XPS and acidity/basicity examinations showed that Mg atoms got incorporated into the
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silica phase, generating new Lewis acid surface sites. An amorphous MgO-SiO, mixed oxide preparation,
having the highest surface Mg/Si ratio and atomic homogeneity, had the highest activity and 1,3-butadiene
DOI: 10.1039/d2re00450) selectivity. The catalyst was obtained by hydrolyzation/condensation/precipitation of an Si,Mg-alkoxide
solution within carbon mesopores and burning out the carbon/precipitate material. The catalytic ETB

rsc.li/reaction-engineering mechanism is discussed.
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1. Introduction

Bioethanol, which can be economically produced at the
industrial scale, is one of the most widely used renewable,
carbon neutral feedstocks in the chemical industry.
1,3-Butadiene (BD) which can be prepared also from ethanol
is a constituent of many common polymers (synthetic
rubbers, polymer resins, elastomers, etc.). Nowadays, BD is
produced almost exclusively from petroleum; however, due to
environmental concerns and the uncertain availability of
crude oil and natural gas, ethanol conversion to butadiene
(the ETB reaction) is receiving considerable industrial and
academic attention." The potential of the heterogeneous
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catalytic ETB process has even been demonstrated at the
industrial level.”

The most commonly used supports/catalysts for the
reaction are mixed oxides, such as MgO-SiO,* >’ or ZrO,-
$i0,,>°?* and their derivatives, obtained through
modification by metals, such as Ag,*?”313%3¢ Cy,'®*"33 and
Au,'® or by metal oxides Zr0,,”**?” ZnQ,>1*19:2%:32:37 1p 0, 23
and Ga,0,.%**® Previous studies have shown that neat mixed
oxides have significant catalytic activity in the ETB reaction
and that additives can increase the activity by promoting
ethanol dehydrogenation and C-C coupling reactions. It has
also been shown that the catalytic properties of the modified
mixed oxides were still determined mainly by the properties
of the mixed oxide components.

The modification could increase the specific surface area
(SSA) of the catalyst. The increase in the ETB activity was often
higher than what was justified by the increased SSA.*'*%%°
Different types of high-SSA silica materials, such as SBA-
15’18,24,31,41—45 SBA—16,31’33’36 MCM-41,4’41 MCM-48,41 TUD-
1,39494647 COK-12,* Q-6, and KSMG,*" as well as, zeolites,
having the framework type LTA*® and BEA,*>*"*%7°% which are
zeolites of a high Si-to-Al ratio or dealuminated, have been

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d2re00450j&domain=pdf&date_stamp=2023-02-23
http://orcid.org/0000-0001-5746-172X
http://orcid.org/0000-0001-9159-0330
http://orcid.org/0000-0002-7917-1835
https://doi.org/10.1039/d2re00450j
https://doi.org/10.1039/d2re00450j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2re00450j
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE008003

Open Access Article. Published on 08 December 2022. Downloaded on 4/8/2026 4:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

studied in the ETB reaction. The combination of high-SSA
silica or silica-containing materials with magnesia gave
catalysts of significant activity.

Hardly any study has been reported about the ETB
reaction over mixed oxide catalysts containing a high-SSA
MgO component. Men et al.'”*' reported about catalysts
made by calcining a MgO precursor and impregnating the
obtained MgO with a silica sol. In order to get a high-SSA
MgO catalyst component, the MgO precursor was synthetized
by a hydrothermal process with the aid of surfactants.
Recently, Reschetilowski et al.®® published a paper about
mesoporous MgO-supported SiO, catalysts. The high-SSA
support was prepared by hydrothermal treatment of
precipitated MgCOs;.

It is known that thermal decomposition of magnesium
salts results in non-porous MgO having a SSA smaller than 5
m?* g '.°*%” The present study is concerned with new MgO-
SiO, ETB catalysts, containing a high-SSA, microporous and/
or mesoporous MgO (HSM) component. HSM materials can
be produced relatively simply, for instance, by urea-assisted,

hydrothermal, and homogeneous precipitation
methods,”®***° solvothermal transformation of magnesium
acetate,”®*"® or by sol-gel synthesis.®® A complexation-

combustion method was described by Hiremath et al.® It
was shown that combustion of magnesium nitrate with a
fuel, which is a good complexing agent of magnesium, like
glycine, gave a HSM material.

A particular synthesis method for the production of HSM
materials is the so-called hard-templating (HT) method.
Accordingly, an MgO precursor compound is introduced into
a porous template, and by converting the compound to an
oxide and removing the template, a porous HSM material is
obtained that is a replica of the template porosity. For
template materials, carbon has been proven to be the most
suitable because it can be removed by simple combustion
while the magnesia precursor is converted to MgO. Recently,
waste cotton was described as a carbon source for the
preparation of HSM templates.®® However, the most widely
used HSM templates are carbon CMK-3, which is a replica of
the HT SBA-15 material,’” and porous carbon obtained by
carbonization of a resorcinol-formaldehyde (RF) aerogel.®® ">

HSM materials are active in reactions that require strong
base active sites, such as the Claisen-Schmidt
condensation.’®”® In combination with redox catalytic
function, they also show activity in the oxidative ethylbenzene
dehydrogenation reaction.®” Moreover, these materials are
commonly used as a basic adsorbent for the sequestration of
carbon dioxide,’**>* and as a scavenger of organic
dyes®**7* or various metal cations, such as Pb>",®' As®* %72
As®" (ref. 62) and Cr®*.%*

To increase its mechanical strength, the HSM adsorbent is
often coated with a silica shell.*”***"** The coating is usually
generated by hydrolyzing tetraethyl ortosilicate (TEOS) with
ammonium hydroxide either in the presence®”® or in the
absence®” of a cetyltrimethyl ammonium bromide (CTABr)
template. In addition to the structure-strengthening effect,
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the silica coating provides acidic properties and, thereby,
ETB activity to the material. Recently, Larina et al*“*
established that the porous structure (SSA, pore size
distribution) of the silica component of MgO-SiO, catalysts
is not an essential factor from the point of view of achieving
high BD yields. The present study deals with three novel
MgO-SiO, preparations, containing a HSM component. Our
main objective was to clarify the influence of MgO
distribution on the ETB activity of the catalyst preparations.
The preparations were characterized by structure, texture,
morphology and ETB activity. For comparison, similarly
prepared catalysts, based on low-SSA MgO (LSM), were also
examined. In light of the results, the possible reaction
mechanisms are reviewed.

2. Experimental
2.1 Preparation of catalysts

A mesoporous carbon aerogel (MCA) was saturated with a
Mg(NO;), solution and calcined to combust carbon and
obtain high-SSA mesoporous MgO (HSM).

Using TEOS as a silica source, mixed oxide MgO-SiO,
catalysts were prepared. TEOS either was hydrolyzed to silica
in the presence of HSM with the intention to form a silica
coating (SC) on the HSM surface or was first hydrolyzed and
the obtained silica was compounded with the HSM by wet
kneading (WK). The catalysts were designated as SCH and
WKH, respectively. A third catalyst was prepared by
hydrolyzing a TEOS/magnesium methoxide solution in the
internal voids of the carbon template, referred to as internal
hydrolysis (IH), and calcination to get sample IHH. Catalysts
were also prepared by the same methods using LSM,
obtained by Mg(NO;), calcination omitting the use of carbon.
The latter preparations were identified as SCL, WKL, and
IHL. The catalysts, prepared using low and high-SSA MgO or
with MCA assistance, are referred to as L and H catalysts,
respectively. The WK, SC or IH catalyst designations apply to
the L and H catalyst versions together. An attached list helps
the reader to match the abbreviation and its meaning. The
preparation procedures are described in detail below.

The MCA was produced by adding 194 g of resorcinol to
286.75 g of formaldehyde under continuous stirring. In a
separate step, 0.375 g of sodium carbonate was dissolved in
519.75 g deionized water and then added to the previous
solution as a polymerization catalyst. The product mixture
was aged for 24 hours at room temperature, and then sealed
in a PET reactor and kept at 50 °C for 24 hours and at 90 °C
for 72 hours. The wet resorcinol-formaldehyde polymer gel
was washed with acetone. To remove the acetone, the sample
was dried at room temperature for 24 hours. The obtained
RF aerogel was pyrolyzed to get MCA. The pyrolysis was
carried out by heating up the RF aerogel in a N, flow (200 mL
min ') at a rate of 1 °C min™" to 800 °C and maintaining this
temperature for 5 hours.

Mesoporous HSM was produced by soaking the air-dried
MCA in saturated Mg(NO;), solution for 24 h at room
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temperature. Thereafter, the saturated carbon was separated
from the Mg(NOj3), solution by filtration, and dried at 110 °C
for 24 hours. To remove the carbon template and obtain
mesoporous HSM, the sample was heated up to 600 °C at a
rate of 1 °C min™" in air and calcined for an additional 8
hours at this temperature. To get LSM reference MgO,
Mg(NO3),-6H,0 was decomposed using similar calcination
conditions.

The SC catalysts were prepared by suspending 1 g of HSM
or LSM type MgO in a mixture of 180 g deionized water and
150 g ethanol. The pH of the mixture was adjusted to 11.7
with 25 wt% NH; solution, and then 0.775 g CTABr was
added to the mixture during continuous stirring. After 30
min, 2.583 g TEOS was added to the mixture dropwise and
the stirring was continued for an additional 2 hours. Then,
the suspension was centrifuged. The thus separated solid was
washed with 200 mL water and then with 200 mL methanol.
The solid was dried at 100 °C overnight and then its
temperature was ramped up at a rate of 1 °C min™" to 550 °C.
The solid was calcined at this temperature for 5 hours.

The WK catalysts were synthesized by mixing pre-
hydrolyzed TEOS with HSM or LSM as described earlier.”

The internal hydrolysis method, developed by Ogura
et al.,”” was applied in a slightly modified form to get catalyst
IHH. As the first step, the MCA was soaked in a mixture of
magnesium methoxide and TEOS (Mg/Si = 2) for four days.
After filtration separation, the impregnated MCA was placed
in a desiccator, wherein hydrolysis of the alkoxides was
initiated by making contact with the vapor from a 25 wt%
NH; solution for three days. The material was then dried at
120 °C overnight and calcined at 600 °C for 8 h (the rate of
heating up was 1 °C min™"). The same procedure was
followed to get the IHL catalyst but without the use of the
MCA.

As a reference material, pure silica was prepared by
adding TEOS to a 1.5 M NH; solution dropwise at 70
°C during continuous stirring. The liquid phase was
evaporated. The solid residue was dried at 120 °C for
24 h and then calcined at 550 °C to get a neat SiO,
sample.

2.2 Catalyst characterization

The elemental composition of the preparations
determined by the inductively coupled plasma optical
emission spectrometry (ICP-OES) method with axial plasma
observation (Spectro Genesis).

Nitrogen adsorption/desorption isotherms were measured
using a Thermo Scientific Surfer automatic volumetric
adsorption analyzer at -196 °C. Prior to the measurements,
the samples were evacuated for 2 h at 250 °C.

Powder X-ray diffractograms were recorded with a Philips
PW 1810/3710 diffractometer applying monochromatized
CuKa (4 = 0.15418 nm) radiation (40 kV, 35 mA) and a
proportional counter. Data were collected between 1.5° and
70° 26, in 0.04° steps with 0.5 s each step.

was
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The morphology of the samples was examined using a Cs-
corrected ThermoFisher Themis 200 scanning transmission
electron microscope (STEM) with an accelerating voltage of
200 keV. Energy dispersive spectroscopic (EDS) elemental
maps were recorded using Super-X EDX detectors in STEM
mode. The crystalline structure of selected sample areas was
analyzed by electron diffraction (SAED).

X-ray photoelectron spectroscopic measurements were
carried out using a spectrometer manufactured by OMICRON
nanotechnology GmbH (Germany). The photoelectrons were
excited by both MgKa (1253.6 eV) and AlKo (1486.6 eV)
radiation. Spectra were recorded in the Constant Analyser
Energy mode of an EA125 energy analyser with a 30 eV pass
energy resulting in a spectral resolution of 1.0 eV. Calibration
of the energy scale of the instrument was performed
according to the ISO 15472 standard. The estimated accuracy
of the reported binding energy (BE) values is +0.2 eV. As the
samples are insulating materials, considerable charging was
observed during the measurements. For silicates, generally
the C 1s line is used to account for the charging effect.”®
Accordingly, in the present study, the hydrocarbon
component of the C 1s spectrum at a 285.0 eV BE was
selected as a reference point. Data were processed using the
CasaXPS software package’’ by fitting the spectra with
Gaussian-Lorentzian product peaks after removing the
Shirley or linear background. Nominal surface compositions
were calculated wusing the XPS MultiQuant software
package’®’® with the assumption of a homogeneous depth
distribution for all components. The chemical states were
identified using XPS databases.®>®"

The acidity and basicity of the preparations were
characterized by temperature-programmed desorption (TPD)
of NH; and CO,, as well as using the FT-IR spectra of
adsorbed pyridine and CDCl;, respectively. The experimental
details are described in our earlier papers.***’

2.3 Catalytic ETB reaction

A fixed bed, continuous flow, quartz tube (/ = 400 mm, i. d. =
8 mm) microreactor was used at atmospheric pressure. The
microreactor was connected to an online gas chromatograph
(GC) equipped with a flame ionization detector (FID) for
analyzing the carbon-containing compounds and also with
another FID for analyzing the oxygenates. The evaporation
zone of the microreactor was heated to 120°C. Catalysts
(~1.00 g, particle size 0.315-0.65 mm) were activated in an
O,-flow in situ in the reactor at 550 °C for 30 min. Ethanol
was fed into the reactor to a He flow using a Gilson 307 type
pump to get a 15 v/v% ethanol/He gas flow in the hot reactor.
Temperature-dependence of the activity was determined in
the range of 300-475 °C at a total flow rate of 30 ml min .
This flow rate corresponds to weight hourly space velocity
(WHSV) of 0.5 Zethanol Zcac - h . Further, these reaction
conditions are referred to as the standard reaction
conditions. Space-time dependence of the activity was
determined at temperatures of 350 and 400 °C to compare

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2re00450j

Open Access Article. Published on 08 December 2022. Downloaded on 4/8/2026 4:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

the catalytic activities at 20 and 50% conversions and to
identify reaction intermediates. The flow rate was varied
between 10 and 180 ml min™" (WHSV = 0.17-3.0 Zethanol
gcat ' h™"). The concentration of the reactant and all major
products were determined by GC. Calibration was made
separately for each component of the product mixture.

Conversions/selectivities/formation rates were calculated
based on the number of carbon atoms in the feed and in the
products.

3. Results

3.1 Composition, structure, and texture

In the procedure of catalyst preparation, Mg and Si sources
were mixed to get a Mg/Si molar ratio of 2; however, chemical
analysis gave a ratio of 2.2-2.5 (Table 1).

The difference in the expected and measured ratios may
come from a minor analytical error related to the difficulty of
rendering silica quantitatively soluble. Nonetheless, the XPS
analysis (Table 1) showed Si enrichment on the surface of all
the catalysts relative to its bulk concentration, ie., 0.63 <
Mg/Si < 1.55 (vide infra). The sample-to-sample variation of
the Mg to Si surface ratio reflects structural differences as
discussed below.

The N, physisorption isotherms of the WK and IH
catalysts are of type IV and, with the exception of that of the
SCL sample, show an H3 type hysteresis loop (Fig. 1B). The
isotherms of the SC samples seem to be a combination of the
isotherm obtained for the MgO component (Fig. S11) and an
isotherm similar to those generally reported for MCM-41
silica materials. This is not surprising if we consider that the
conditions of sample preparation were hardly different from
the synthesis conditions of MCM-41 materials. It is also
obvious that the SSA and pore volume (PV) of the samples,
produced using a MCA template, are higher than those of the
reference samples, made without a template (Table 1).

Fig. 2 shows the STEM micrographs and the EDS
elemental maps of the samples. In the micrographs of the SC
samples, amorphous SiO, spheres (@ ~ 200 nm) appeared.

Table 1 Characterization of the catalysts

Sample Mg/si® SSA,” PV, PD,?
1D ICP XPS m> g™’ em?® ¢! nm
LSM —_ —_ 5 0.03 5.56
HSM — — 40 0.27 20.32
SiO, —_ — 300 0.39 4.30
SCH 2.51 0.94 253 0.41 21.02
SCL 2.20 0.63 386 0.23 —
WKH 2.24 1.41 262 0.38 3.84
WKL 2.24 1.16 156 0.19 —
ITHH 2.46 1.40 99 0.36 10.55
IHL 2.28 1.55 29 0.11 —

“ Molar ratio of the bulk (ICP) and the surface (XPS). ” Specific
surface area, determined by the BET method. € Pore volume
determined by the Gurvich method. ¢ Most frequent pore diameter,
calculated by the BJH method.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) XRD patterns and (B) N, physisorption isotherms of

activated MgO-SiO, mixed oxide catalysts, prepared by coating silica
over MgO (SC), by wet-kneading of the oxides (WK), and by
hydrolyzation of MgO and SiO, precursors inside the pores of porous
carbon (IH). In the sample designation, the ending L denotes the
preparation, which involved the use of low-SSA MgO. Samples
designated with the ending H were made using high-SSA MgO or with
the assistance of MCA.

Among the spheres, there is unordered material, containing
both Mg-O and Si-O moieties. Mg-O and fine-grained Si-O

Fig. 2 Elemental maps of the catalysts. HAADF: high-angle annular
dark-field imaging.

React. Chem. Eng., 2023, 8, 718-731 | 721


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2re00450j

Open Access Article. Published on 08 December 2022. Downloaded on 4/8/2026 4:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

areas are mostly separated; however, some areas can be also
distinguished where these components are mixed.

Electron diffraction analysis shows that the Mg-O regions
are crystalline (periclase), whereas the Si-O regions have an
amorphous structure. The WK samples have a sponge-like
structure in which the MgO and SiO, components overlap.
The samples contain a crystalline MgO phase; however, no
significant difference is found between samples made using
LSM and HSM.

Due to the heterogeneity of the samples, the Mg/Si ratio
could not be determined from the EDS elemental maps.
However, it could be established that silica-rich particles
contained a small amount of homogeneously distributed Mg
(2-4 at.%) and vice versa, magnesia-rich particles contained
some Si.

The IH samples have a lamellar structure and are visibly
much more homogeneous than the sample pairs described
above. With this in line, XPS detected a higher Mg
concentration on the surface than on the surface of the other
catalyst preparations.

3.2 Surface topology

XPS can provide information about the bonding environment
of surface Mg and Si species. As described in the literature,
the electron binding energies (BEs) of Si and O in silicate
materials primarily carry information about the way the SiO,4
tetrahedral building units are interlinked.”®*> For example,
in crystalline silica, e.g.,, in quartz, each SiO,* unit is
connected to four other units, and thus there is no formal
charge on the tetrahedra, which results in high binding
energies (BEs) for both the Si 2p (103.5-104.0 eV) and the O
1s (around 533 eV) electrons.®” If each tetrahedron shares
three oxygen ions with adjacent tetrahedra in such a way that
an infinite 2-dimensional sheet is formed (such as in talc),
the formal charge of each tetrahedron is —1, which results in
shifting of both the Si and O peaks towards lower binding
energies by 0.5-0.6 eV. Indeed, studies mention Si 2p BEs in
talc at around 103.4-103.5 eV (ref. 76) and O 1s peak
positions at around 532.5 eV.***? At the other end of the
range, in forsterite (Mg,SiO,), the SiO, tetrahedra are
surrounded by Mg>" cations; thus, the charge on each SiO,
unit is -4 and the corresponding Si 2p and O 1s BEs are as
low as 101.8 and 530.9 eV, respectively.® The pronounced
shift of the Si and O photoelectron lines is accompanied by a
similar but smaller shift of the charge balancing cations. The
Mg 2p line of talc is at 50.7 eV,*’ whereas that of forsterite is
at 50.2-50.4 eV.**

In general, the photoelectron peaks of the studied
catalysts were adequately modeled by a single symmetric but
rather broad peak (except for the C 1s peaks, see below). It
has to be noted that these broad but featureless peak shapes
do not necessarily indicate the presence of a single chemical
state: they probably arise as the envelope of a range of
slightly different chemical environments. The measured
binding energies of the Mg 2p, Si 2p and O 1s peaks of the
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Table 2 XPS results for the MgO-SiO, systems

Composition Binding energies (eV)
Sample  at% Mg2p  Si2p O1s C 1s%"
WKL Mg: 17.4 50.7 102.7 532.0 285.0
Si: 15.0
0:56.3 290.5 (30%)
C:11.3
WKH Mg: 19.1 50.6 102.8 532.2 285.0
Si: 13.5
0: 56.7 290.6 (38%)
C:10.7
SCL Mg: 13.2 50.7 103.1 532.4 285.0
Si: 21.1
0:59.2 290.4 (38%)
C: 6.5
SCH Mg: 17.7 50.5 103.0 532.2 285.0
Si: 18.9
0: 59.4 290.5 (40%)
C: 4.0
IHL Mg: 22.6 50.5 102.2 531.6 285.0
Si: 14.6
0:57.6 532.7  290.3 (44%)
C:5.2
IHH Mg: 20.7 50.5 102.2 531.4 285.0
Si: 14.8
0O: 58.3 532.6 290.6 (64%)
C: 5.7

“The main component of the C 1s spectrum arising from
hydrocarbons was used for charge compensation (fixed at 285.0 eV).
' The smaller component of the C 1s spectrum is due to carbonate
species at around 290.5 eV BE. The number in parentheses shows the
relative strength of the carbonate contribution.

mixed oxides are listed in Table 2 with respect to the
hydrocarbon component of the C 1s band, fixed at 285.0 eV
BE. For MgO, studies report BEs of around 50.0-50.5
eV,8081:8%86 which corresponds to our results. The Mg 2p
binding energies are quite similar for the different catalyst
preparations (Table 2). The found values 50.5-50.7 eV seem
to be a little high, although these agree well with the BE
obtained for the WK material in our previous study.>* Similar
Mg 2p BEs were found for Mg-silicates involving talc.”® The
Mg 2p BE therefore suggests a mixed oxide that contains Si-
related species in the environment of the Mg>" cations, rather
than a pure MgO-like arrangement.

A clearer trend is seen for the Si 2p BEs of the catalysts.
The smallest values were obtained for the IH materials
(around 102.2 eV), significantly higher values were found for
the WK samples (slightly below 103.0 eV) and still somewhat
higher values were measured for the SC oxides. Considering
that the Si 2p BE in silicate systems reflects the formal charge
on the SiO, building blocks (see above), which is directly
connected to the arrangement of these blocks and their
relation to the heteroatom (Mg) content, two conclusions can
be drawn: (i) the Si 2p BEs are always lower than those in
Si0,, suggesting some dilution of the silica network with Mg
ions (i.e. formation of a mixed oxide) even in the case of the
SC systems. (ii) The bonding arrangement of the Si*" cations
is the “most silica-like” for the SC systems, with the WK

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2re00450j

Open Access Article. Published on 08 December 2022. Downloaded on 4/8/2026 4:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

materials being similar to the SC materials but probably
having higher Mg incorporation, whereas the highest
disruption of the silica network (and the highest Mg>"
penetration) occurs in the IH systems. This behavior is
virtually independent from the surface area of the magnesia
backbone, as the Si 2p BEs of the low and high-SSA variants
are almost the same.

In general, the BE of the broad, symmetric, and
unstructured O 1s envelope of the catalysts always remains
significantly below the 533 eV BE of SiO,, which is again
consistent with mixed oxide formation. In the case of the IH
sample pair, the asymmetry of the O 1s peak shape pointed
to the existence of low BE (around 531.5 eV) and higher BE
(around 532.6 eV) components. Considering the parallel shift
of the Si and O peaks upon changing the environment of the
SiO, units (see above), a possible interpretation for the low
BE component is that it could arise from relatively Mg-rich
regions, probably along with contributions from
hydroxylated-carbonated surface Mg species,®> while the
higher BE part may indicate the presence of more silica-like
regions.

In all samples, carbon occurred in hydrocarbon form
(contamination collected from ambient air) and carbonate
form (with C 1s peaks at 285.0 eV and 290.5 eV BE,%"%%
respectively). The carbonate signal always represents a
significant fraction of the total carbon content and is
generally higher for the HSM-based systems.

3.3 Acidity and basicity

The acidity and basicity characteristics, derived from NH;-
and CO,-TPD and FT-IR spectra of adsorbed pyridine and
CDCl;, are presented in the ESIT (Fig. S2 and S3) and are
given in Table 3. The spectra show bands of Lewis acid site-

Table 3 Acidity and basicity characteristics of the catalysts
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bound pyridine only, suggesting that after the applied pre-
treatment, the catalysts contain only Lewis acid sites. Due to
strong surface carbonate bands in the frequency region of
pyridine vibrations, no pyridine bands could be recorded for
the IH samples. The acidity of these samples was
characterized by NH;-TPD only. The amount of adsorbed
base roughly paralleled the SSA of the samples. The MCA
assisted mixed oxide preparations always had a higher SSA
and NH; adsorption capacity than those made using low-SSA
MgO (LSM) as the magnesia component. The low and high-
SSA catalysts, prepared in the same way, gave virtually the
same weight specific adsorption capacity (Table S1f). An
exception was the SC pair, where the total peak areas of
adsorbed pyridine were nearly identical for the two samples.

Regarding the basicity of the catalysts, it can be concluded
that the basicity of the samples prepared via the route using
the MCA template also exceeds the basicity of the samples
prepared without a template. The only exception was again
the SC catalyst pair, where the total CDCl; peak areas were
nearly identical for the two samples. However, the SCL
sample did not contain medium-strength base sites, whereas
its SCH counterpart did.

3.4 Conversion and selectivity

The dependence of ethanol conversion activity on the
reaction temperature is shown in Fig. 3 for the three catalyst
pairs. The main reaction products were 1,3-butadiene (BD),
ethylene (EE), diethyl ether (DEE), and acetaldehyde (AL).
Crotyl alcohol (CAL) also appeared as major product in the
product mixture obtained using the IHH -catalyst. Minor
products, appearing with a selectivity less than about 5%,
were butanol (BOL), butenes (BUE), and propene (PE).
Interestingly, regardless of the catalyst used, crotonaldehyde

Acidity Basicity

Sample ID C* weak C* medium >ct py’ [ cDCL,? weak CDCl;° medium 2CDCl,
SiO, 64 — 64 0.06 1 0.24 —_ 0.24
HSM 17 — 17 0.02 22 0.64 — 0.64
LSM 4 — 4 0.05 67 0.71 0.05 0.76
SCH 127 35 162 0.45 8 0.55 0.56 1.11
SCL 91 16 108 0.48 2 1.16 — 1.16
WKH 254 175 430 1.14 41 1.09 1.74 2.83
WKL 166 138 304 0.34 20 0.93 0.47 1.40
IHH 155 57 212 —f 57 1.36 1.22 2.58
IHL 36 28 64 —f 28 1.27 — 1.27

“ Adsorbed amount of NH; (umol g™'), determined by TPD measurement, applying a linear heating rate of 10 °C min~". An isothermal step was
inserted in the heating program at 150 °C for 30 min. The ammonia desorbed in this step was considered to be weakly bound NH;. The
ammonia desorbed above 150 °C was considered as NH; bound by medium strength. ? Area of the FT-IR absorption band of adsorbed pyridine
at 1448 cm™', indicating the amount of Lewis acid sites. Experimental details: the pellets were pre-treated in a vacuum at 450 °C for 1 h. The
spectra were recorded at room temperature after adsorption of pyridine at a 666 Pa pressure at 200 °C and evacuation at the same temperature
for 30 min. ¢ Adsorbed amount of CO, (umol g™*), determined by TPD measurement. Adsorption of CO, at 13 kPa and room temperature,
flushing for 15 min, evacuation, and then ramping up in a He flow at a rate of 10 °C min™" to 500 °C and holding this temperature for 1 h.
4 Area of the FT-IR absorption band of CDCI; at 2255 cm™?, indicating the amount of weakly adsorbed CDCl;. The pellets were pre-treated in a
vacuum at 450 °C for 1 h. The spectra were recorded at room temperature in the presence of CDCl; at about a 933 Pa pressure. © Area of the
FT-IR absorption band of CDCI; at 2227 em™'. The area indicates the amount of CDCl; adsorbed with medium strength. / Could not be
measured due to strong carbonate bands overlapping with the possible pyridine bands.
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Fig. 3 Catalytic conversion of ethanol at different temperatures over
the MgO-SiO, catalyst preparations, having a Mg to Si ratio of 2 to 1
under standard reaction conditions, such as atmospheric pressure, 15
kPa ethanol/He, 0.5 Jethanot Jeat - ™%, and a total gas flow rate of 30 ml

mint.

(CAD), which is
intermediate

generally considered as a possible
in the consecutive reaction route of BD
formation, was only found in traces or not at all. Higher BD
selectivity was achieved over the catalysts prepared by the SC
and WK methods using HSM, and by the IH method using
the MCA template, than over the catalysts prepared using
LSM.

A lower BD selectivity was always accompanied with a
higher DEE and EE selectivity. In the case of the SCL and IHL
catalysts, the BD selectivity remained below 10% almost in
the entire applied temperature range. Over the SCL catalyst,
in addition to the EE and DEE products, AL was also formed
with a selectivity from 7 to 35%, depending on the reaction
temperature. The catalytic activities of the WKL and WKH
samples were very similar to each other; nevertheless, EE and
DEE were formed with a somewhat higher selectivity over the
WKL catalyst. Consequently, the BD selectivity of the WKL
catalyst was about 5-10% lower than that of the WKH
catalyst. In terms of BD yield, the best results were provided
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by the SCH and IHH catalysts. The dehydration selectivity of
the SCH and IHH catalysts, ie., the selectivity for EE plus
DEE, was about 60% and less than 20%, respectively. It is
also worth noting that the total selectivity for C, products,
such as BD, BOL, CAL, and BUE, was remarkably high
(~70%) over the IHH sample. As the amounts of undesirable
by-products (hexadienes, hexatrienes, hexanol, 2-ethyl-1-
butanol, etc.) increased significantly at higher temperatures
(>400 °C), the carbon amount, fed in with ethanol, and that
of the quantified main products became more unbalanced.
CAD and/or CAL are necessary intermediates in the ETB route
even if they do not appear in the product mixture. CAL
showed up as a product, formed over the IHH catalyst. As the
reaction temperature was raised, the BD selectivity of the
catalyst increased at the expense of the CAL selectivity,
substantiating that BD was formed from CAL by dehydration.

It is possible that the dehydrogenation of ethanol to AL is
the rate-determining step in the ETB reaction. In further
consecutive steps, AL can participate in reactions resulting in
various C, products, such as BD, CAD, CAL, BOL and BUE. It
should be mentioned that AL can also be formed by the MPV
reaction, in which ethanol hydrogenates CAD, forming AL
and CAL. To characterize the activities of ethanol
dehydrogenation, we summarized the formation rate of
acetaldehyde, and twice the formation rate of the C,
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Fig. 4 Formation rates of ETB reaction products obtained by (A)
dehydrogenation to AL, (B) C-C coupling to £C, products (BOL, BUE,
CAL) but not to BD, (C) ethanol dehydration (EE plus DEE), and (D) C-C
coupling to BD as a function of reaction temperature under standard
reaction conditions. The insert in section (D) shows the butadiene
selectivities. The rate of dehydrogenation was calculated as the rate of
AL formation plus twice the rate of £C, formation.
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products. This approximation assumes that no MPV reaction
takes place and all the C, products were formed in a
transformation involving the coupling of two AL molecules.
Although neither of these assumptions are justified, we
believe that the rates obtained by this approximation
characterizes the dehydrogenation activity of the catalysts
(Fig. 4A). The dehydrogenation activity of the H-series
catalysts, prepared using a mesoporous carbon template, is
higher, whereas their dehydration activity (Fig. 4C) is lower
than that of their corresponding L-series catalyst pair.
Assessing the temperature-dependent formation rate of C,
products except BD, and the formation rate of BD (XC, in
Fig. 4B, and BD in 4D), it can be concluded that the
formation rate of £C, products roughly parallels the rate of
BD formation. Only the IHL catalyst does not seem to follow
this trend. This catalyst has an exceptionally high ethanol
dehydration activity which makes the ETB route subordinate.
It should be noted that the rate of the consecutive process
steps must be the same as that of the rate determining step
of the process. This reaction rate is nothing to do with the
rate as the products appearing in the product mixture.

To better understand the ETB activity of the mixed oxide
catalysts, the activity of the individual components was
examined (Fig. 5). Both the LSM and HSM preparations were
active in the dehydrogenation of ethanol to AL and in the
C-C coupling reaction (Fig. 5A and B). The HSM material,
forming mainly BOL, showed significantly higher activity
than the LSM material. BUE and CAD appeared in traces
only. The LSM sample showed significant activity in the
ethanol dehydration to EE (Fig. 5A).

Over pure SiO,, dehydrogenation prevailed at lower
temperatures, whereas dehydration became the dominating
reaction at higher temperatures. The pure silica had no C-C
coupling activity at all (Fig. 5C).

Fig. 6 shows the space time dependence of the ethanol
conversion at 350 °C over the MgO (HSM and LSM) and
MgO-SiO, (IHH) catalysts. Over the LSM catalyst (Fig. 6A) the
conversion remained low, and AL was the main product.
Some CAL and BOL were also obtained.

AL must be an intermediate participating in the C-C
coupling reaction with ethanol to CAL or in aldol
condensation with another AL molecule to CAD. BOL could
be formed by the hydrogenation of CAL or CAD. No doubt
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Fig. 5 Catalytic conversion of ethanol as a function of temperature
over (A) LSM, (B) HSM, and (C) SiO, under standard reaction
conditions.
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Fig. 6 Effect of space time on the conversion of ethanol at 350 °C
over the (A) LSM, (B) HSM and (C) IHH catalysts. The WHSV of ethanol
was varied between 0.2 and 3.0 Gethanot 9eat - h™L. Otherwise, standard
reaction conditions were used.

that the LSM catalyst has also dehydration and
hydrogenation activity. The conversion over HSM (Fig. 6B)
was significantly higher, and BOL was the main product
besides AL and traces of CAD, CAL and BD. Traces of DEE
were obtained over both magnesia catalysts but for clarity are
not shown in the figure. Over the IHH mixed oxide catalyst
(Fig. 6C), BD was the main product besides some dehydration
products EE and DEE. Traces of PE were also detected. The
yields of BOL and AL were low relative to their yields over the
HSM catalyst. The product distribution suggests that the IHH
mixed oxide catalyst has higher dehydration activity than the
pure magnesia preparations. The enhanced dehydration
activity must be related to the stronger acidity generated by
intimate mixing of silica and magnesia components. CAL
and a minor amount of CAD were also detected in the
product mixture.

The activity of the WKH and IHH catalysts was examined
at a 400 °C reaction temperature as a function of time on
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Fig. 7 Product distribution at 20 and 50% conversion levels over
different MgO-SiO, catalysts. Identical conversions with the catalysts
of different activities were achieved by adjusting the ethanol WHSV
between 0.2 and 3.0 Qethanot 9eat - h™ at about a 15 kPa partial
pressure at 350 °C for 20% conversion and 400 °C for 50%
conversion. *Over the IHH sample, the attained maximum conversion
was only ~18%. Others: methane, propylene, higher olefins.
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stream (Fig. S47). The conversion decreased by 4-5% in the
first half hour and then hardly changed for 32 hours, while
the product selectivities also remained virtually unchanged.

The selectivities of the catalysts for the different products
are compared in Fig. 7. Identical conversions were achieved
using the catalysts of different activities by changing the
space time of the reactant ethanol at the selected two
reaction temperatures (the SCL catalyst is omitted from Fig. 7
because the desired conversion could not be attained with it).
Over the mixed oxide catalysts, containing HSM, higher BD
selectivities were found than those over the catalysts
containing the LSM component. Accounting for all the C,
products, the IHH catalyst showed the highest selectivity at
both 20 and 50% ethanol conversions. At 50% conversion,
the IHH sample was the most BD selective catalyst, showing
about a 55% BD selectivity.

4. Discussion

In agreement with the STEM/EDS and XRD results, the
observations based on XPS point to certain structural
differences of the samples. The highest apparent Si content
and its most silica-like state in the SC systems confirm the
formation of thick Si-rich domains on the outer surface of
the materials with the smallest Mg incorporation. The WK
samples are similar but have more Mg-rich material on the
surface and slightly higher Mg incorporation into the silica.
Finally, the most disrupted silica network, having the highest
extent of Mg incorporation, occurs in the IH systems. These
results suggest that there are surface Si-O-Mg bonds in all
catalysts. The Si-O-Mg surface moieties represent Lewis acid
sites. The immediate environment and abundance of such
bonds determine the strength and concentration,
respectively, of the acid sites. It was shown that the surface
acidity of these mixed oxide catalysts was higher, in which
the catalysts had a lower surface Mg/Si ratio.

The ETB activity of the MgO-SiO, mixed oxide catalysts
could be improved by applying a high-SSA MgO component
for catalyst preparation (Fig. 3 and 6). This is in harmony
with the findings of previous studies, showing that a MgO
component of higher SSA and porosity brings about stronger
basicity and, as a result, higher BD selectivity.”*>%®
Reschetilowski et al.*° pointed out that the activity could have
been improved also by the higher amount of acidic Mg-O-Si
moieties, generated over the higher-SSA MgO component.
Angelici et al.® concluded that the best performing catalysts
were those containing some acid sites and small amounts of
strong and weak base sites. Obviously, the role of acid/base
sites in the ETB reaction is unclear yet.

Our  acidity/basicity gave  rather
controversial results. We found only trend-like relations
between the quantified acid/base characteristics and the ETB
activity. The acidity and basicity were characterized by the
weight specific amount of adsorbed base (NHj3, pyridine) and
acid (CO,, CDCl;), respectively. The amount of adsorbate
retained by the catalyst under the selected adsorption

measurements
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conditions depends not only on the chemical character of the
catalyst surface but also on the SSA that changes from
sample to sample (Table 1). The correlation between the
measured weight-specific acidity/basicity and the weight-
specific catalytic activity was investigated. A strong
correlation could not be expected at all, considering that the
acid/base properties of the adsorbates, used to probe the
catalyst surface were completely different from those of the
reactant ethanol. In addition, the interaction of the catalysts
with ethanol and reaction products, including water, could
chemically modify and even restructure the active surface.

We measured higher acidity and basicity for catalysts,
except for the pure magnesia samples, prepared using the
MCA template. These catalysts proved to be more efficient,
regarding the BD yields, than those prepared without using
the template. It was also observed that the catalysts, having
similar acid/base site concentrations, give similar BD yields
regardless of their different SSAs [¢f Fig. 3, C and D]. The
acidity of the pure oxide components of the catalysts follows
the order LSM < HSM < SiO,. As was expected for the
basicity, the reverse trend prevails (Table 3, Fig. S5t). The
acidity of the mixed oxides usually exceeded that of the
individual components, indicating that incorporation of Mg
into the silica generated acidity (Table 3). The admixing of
silica to magnesia had a controversial effect on the measured
basicity. We thought that diluting magnesia with silica will
likely cause a basicity decrease. Surprisingly, the CDCl; probe
detected an increased total basicity. In contrast, against the
acidic probe CO,, the basicity of the mixed oxides, in
harmony with our expectation, was lower than that of their
corresponding MgO component; however, two preparations
(WKH, IHH) showed again unexpectedly high basicity
(Table 2).

The stoichiometric equation of the ETB reaction
(2CH;-CH,-OH — CH,—CH-CH=CH, + H, + 2H,0) shows
that the catalyst of the reaction must have C-C coupling,
hydrogenation/dehydrogenation and dehydration activity.
The LSM and HSM catalysts, having low Lewis acidity,
virtually do not have dehydration activity. These pure MgO
catalysts initiated dehydrogenation and were basic enough
to initiate C-C coupling, as indicated by the formation of
BOL (2CH;-CH,-OH — CH3;-CH,-CH,-CH,-OH + H,0
(Fig. 5 and 6, A and B)). In contrast, pure SiO,, being more
acidic than MgO, has dehydrogenation and dehydration
activity but, being less basic than MgO, has no C-C coupling
activity (Fig. 5C). The pure silica provides mainly AL, EE, and
DEE. BD was obtained only over mixed oxides.

In the SCL mixed oxide catalyst, a large fraction of the
MgO surface is coated by silica as evidenced by the low Mg/Si
surface ratio (Table 1). Therefore, over the SCL catalyst,
dehydration reactions, characteristic of pure silica,
dominated, while C-C coupled products were hardly formed
(Fig. 3A). In contrast, the SCH catalyst, having similar acidity
to the SCL catalyst (Table 3), has significant (35-60%) BD
selectivity. This can be explained by the lower silica coverage
of the HSM component, leaving the basic MgO surface sites

This journal is © The Royal Society of Chemistry 2023
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accessible for the reactant and intermediates to initiate C-C
coupling (Fig. 3B). If anything, the medium strength basicity
of the catalysts (Table 3) seems to show a correlation with the
found difference in BD selectivity. Besides hydrogenation/
dehydrogenation activity, due to the silica-generated acidity
and the residual medium strength basicity, the SCH catalyst
had both dehydration activity and C-C coupling activity, as
indicated by the appearance of DEE and EE, and also BD. No
BOL was formed over either of the silica-coated magnesia
catalysts.

The WKL and WKH mixed oxide preparations showed
a rather similar catalytic behavior, though the WKH
catalyst was more basic and more acidic than its WKL
counterpart. This difference most probably is related to
the differences in the SSA of MgO, used for -catalyst
preparation. When the MgO and SiO, components were
forced by wet kneading to get into chemical interaction,
the higher-SSA MgO allowed the formation of more Mg-
O-Si bonds, providing surface species that are Lewis acid
sites. Larina et al>*® have previously demonstrated that
the formation of Mg-O-Si bonds results in Lewis acid
sites, which play a decisive role in the ETB reaction.
Indeed, the surface Mg/Si ratio of the mixed oxide WKH
is higher than that of its WKL counterpart (Table 1). The
higher basicity of the WKH catalyst is due to the higher
MgO surface, remaining free after wet kneading. This free
MgO  surface is  responsible  for  the  higher
dehydrogenation/coupling activity of the WKH sample,
while the higher free SiO, surface provides WKL with
higher dehydration activity. The higher dehydrogenating
and coupling activity of the sample prepared with HSM
can be explained by the higher concentration of low-
coordinated O>” anions present at corner or edge sites of
high-SSA and mesoporous MgO.* Comparing the activities
of the catalyst pair at the same conversion levels, the
WKH catalyst showed higher BD and C, selectivities than
its WKL counterpart (Fig. 7).

Interestingly, the crystallinity of the IH preparations
depended on the co-precipitation method used. The IHL
catalyst consisted of forsterite, while the IHH catalyst was
X-ray amorphous (Fig. 1A). The forsterite was a weak acid,
whereas the amorphous catalyst showed significant acidity
and basicity (Table 3). In harmony with its dominating acidic
character, only EE and DEE were formed over the IHL catalyst
(Fig. 3E). The low ETB activity of forsterite has already been
demonstrated."” In contrast, the THH catalyst had significant
ETB activity (Fig. 3F). In the temperature range 300-350 °C,
only AL and products of C-C coupling, such as BOL, CAL,
and BD, appeared in the reactor effluent. It is interesting that
CAL was formed with high selectivity, although it has been
reported that the dehydration of CAL was very facile even at
these temperatures.®® At higher temperatures, BD and EE
became the main products at the expense of CAL and BOL
formation, indicating that the dehydration activity was more
strongly affected by the temperature rise than the C-C
coupling activity (Fig. 3F).
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Before getting to a deeper mechanistic understanding of
the consecutive steps of the ETB process, first the surface
intermediates must be substantiated. The rate of each
consecutive process step must be the same as that of the rate
determining slowest step, whereas the surface concentration
of the intermediates is determined by the rate constants of
the processes generating and consuming a given
intermediate. The most convincing proof for a suggested
reaction route is if the hypothesized key intermediates can be
discerned in the product mixture. However, it can happen
that some presumed intermediates do not appear as a
detectable product because of their surface concentration
being very low and/or the desorption of the activated surface
intermediate being not favored. In this case, proving the
reaction route can be attempted by debatable interpretation
of results, provided by operando surface spectroscopy and
theoretical calculations. AL always appeared as the main
product (Fig. 3). It is not questioned that one intermediate of
the ETB reaction is AL, formed from ethanol by
dehydrogenation. Another one is CAL that can be dehydrated
to get BD and also appeared as a significant reaction product
over some catalysts (Fig. 6). These results make it likely that
CAL-like activated surface species participate in the ETB
reaction, even if CAL is not always detected as a product. In
the scientific literature, there is a discussion about the way
CAL or CAL-like surface intermediates are formed. It is
argued that these species are formed either via direct surface
reaction between AL and ethanol,"° or by Meerwein-
Ponndorf-Verley (MPV) reduction of CAD, which is obtained
from AL by aldol addition and condensation.'***°%
Recently, Yang et al®® successfully identified the aldol
addition product 3-hydroxybutanal (i. e., acetaldol), the
intermediate of CAD, but not under commonly used reaction
conditions. We never detected acetaldol and never found
CAD in the product mixture in concentration that could be
considered as strong enough evidence for the role of CAD or
CAD-like surface species as an intermediate of the ETB
reaction. It should be noted that CAD may also be formed
due to disproportionation of CAL,>* enhancing the doubts
that detection of CAD traces could provide enough support
for its participation in the ETB reaction as an intermediate.

Our results support the notion that the ethanol conversion
to BOL and/or BD proceeds through a common intermediate
CAL. We cannot rule out the fact that the route to CAL
formation leads through intermediates AL and CAD. Sites of
weak base strength were considered responsible for ethanol
dehydrogenation to AL, whereas strongly basic sites were
presumed to initiate aldol condensation of AL to CAD and
MPV reduction of CAD to CAL. It was suggested that sites of
strong acidity could initiate both CAD formation and CAL
dehydration to BD, whereas sites of weak acid strength
effected the undesired ethanol dehydration.™

The catalytic process of BOL formation over pure MgO
raises similar mechanistic questions, as does the ETB process
over MgO-SiO, mixed oxides. The reaction is suggested to
proceed through the CAD and CAL intermediates (aldol
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route, Guerbet mechanism)®*® or through direct coupling
of two ethanol molecules. According to the latter route, AL
could have been also formed but did not have any role in
the C-C coupling process.””® Based on kinetic analysis,
diffuse-reflectance infrared spectroscopic investigation, and
density functional theory calculations, Toniolo et al’®
substantiated that the dominating mechanism of BOL
formation depends on the reaction temperature. It was
suggested that below about 373 ©C, the so-called Cg-H
mechanism is dominating, whereas above this temperature,
up to 473 °C, the well-known Guerbet mechanism. The
process according to latter mechanism proceeds through
adsorbed CAD and the MPV reduction of CAD to CAL and
finally to BOL. In contrast, according to the Cg-H
mechanism, surface ethoxy species are activated by donating
a proton from their f-carbon atom to a basic surface oxide
ion. The obtained ethoxy anion attacks then the a-carbon of
an ethoxy group, coordinated to a neighboring a Lewis acid
site. The result is surface-bound BOL that can be released
as a product. The Cg-H mechanism corresponds to that
suggested by Chieregato et al.’™®° These studies describe a
similar mechanism for CAL and BD formation. According to
this idea, the activated ethoxy carbanion attacks not the
o-carbon of an ethoxy group but that of AL, coordinated to
a neighboring Lewis acid site. Climent et al.®” have pointed
out that coordination of a carbonyl group to an acid site
can polarize the C-O bond, increasing the density of
positive charge on the carbon. This effect makes the carbon
more susceptible to attack by the carbanion. Briefly, the
latter mechanism assumes the formation of AL that directly
couples with an ethanol molecule to give CAL and then BD
by dehydration.

At low temperatures, when the conversion of ethanol is
only a few percent, the surface of the catalysts must be
predominantly covered by ethanol, and the
concentration of AL must be low even at high AL selectivities.
Nevertheless, we got BD with relatively high selectivity
(Fig. 3). In the product mixture, formed over the WK and IH
catalysts, even the intermediate CAL could be detected. The
low AL coverage must make the probability of bimolecular
surface aldol reaction low, substantiating that CAL and BD
could have been formed by the Cg-H mechanism.

At higher temperatures and conversions, the aldol route
may become the prevailing ETB mechanism. The conversion
test of an ethanol/CAD mixture was found to result in BD
formation (not shown). However, we do not believe that this
is strong enough evidence for the aldol ETB route. The
absence of CAD in the product mixture may be a result of its
low surface concentration due to the high rate constant of its
MPV hydrogenation. However, no CAD could be detected in
the product mixture even using very short or longer space
times (Fig. 6).

The catalytic ETB selectivities of the H and L series
catalysts were compared at the same temperature and
conversion (Fig. 7). The comparison was made at 350 °C and
20% conversion, and also at 400 °C and 50% conversion. The

surface
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BD selectivity was significantly higher for the H series
catalysts at both conversions. The IHH catalyst showed the
highest selectivity, about 80% ZC,, at both temperatures. In
contrast, under identical conditions, the EE plus DEE
selectivity of the IHL catalyst was near 90%. The results
obtained at the two temperatures/conversions demonstrates
the strong effect of these reaction parameters on the ETB
selectivity. For instance, at the two temperatures, the IHH
catalyst has the same XC, selectivity but a higher BD
selectivity and much higher BD yield at the higher
temperature.

5. Conclusions

The activities of MgO-SiO, mixed oxide catalysts, having a
Mg to Si molar ratio of 2, were compared in the ethanol-to-
butadiene (ETB) reaction. The aim of the study was to clarify
the influence of MgO distribution within the MgO-SiO,
catalysts on the ETB activity. Catalysts were prepared either
by wet kneading of MgO, having a high specific surface area
(SSA), and SiO,, or by coating the surface of high-SSA MgO
with silica. The high-SSA MgO component was generated by
combustion of mesoporous carbon, saturated by a Mg(NO;),
solution. A third catalyst was prepared by hydrolyzation/
condensation/precipitation of an Si,Mg-alkoxide solution
within mesopores of carbon and burning out the carbon/
precipitate material. The materials obtained allow the
evaluation of the effect of Mg-Si atomic homogeneity on the
ETB activity. For comparison, a corresponding set of catalysts
was prepared by the abovementioned methods but the use of
a carbon template was fully omitted. Low-SSA MgO was
prepared by the thermal decomposition of Mg(NO3),. XPS
examination proved that the surface Mg/Si ratio was higher
for the mixed oxide catalysts, obtained using high-SSA MgO,
than that for those prepared using low-SSA MgO. The metal
distribution in the catalysts, prepared by alkoxide hydrolysis,
was the most homogeneous. Catalytic ETB tests showed that
the pure, high-SSA MgO catalysts had significantly higher
ethanol coupling and dehydrogenation activity than their
low-SSA counterpart. This was attributed to the higher
concentration of low-coordinated O®  anions present in
corners or edge sites of high SSA and mesoporous MgO.
Acetaldehyde (AL), butanol (BOL), and crotyl alcohol (CAL)
were the main products over both catalysts. Over pure silica,
virtually only products of ethanol dehydrogenation and
dehydration, such as acetaldehyde (AL), ethylene (EE), and
diethyl ether (DEE), were formed. The acidity of the MgO
samples, probed using basic adsorbates NH; and pyridine,
increased upon introduction of a SiO, component. The
basicity measurements, using acidic adsorbate CO, and
CDCIl; to probe the surface, gave controversial results. Over
the mixed oxides, having balanced acid-base properties,
butadiene (BD) became the main C, product besides the
products AL, EE, and DEE. No substantial amount of BOL
and CAL was formed. The BD selectivity of the MgO-SiO,
catalysts, made using high-SSA MgO, was higher than that of

This journal is © The Royal Society of Chemistry 2023
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the catalysts made using low-SSA MgO both at the same
reaction temperature and at the same conversion level. The
silica-coated low-SSA MgO showed catalytic activity similar to
that of pure SiO,. The high-SSA MgO, coated by the same
amount of SiO,, showed activity, similar to that of the wet-
kneaded catalysts. These results suggest that MgO can partly
retain its original properties in the MgO-SiO, catalysts.
Alkoxide hydrolysis and calcination resulted in low-SSA
forsterite (Mg,SiO,), while calcination, following hydrolysis
within the pores of the carbon template, gave high-SSA
amorphous MgO-SiO, mixed oxides. Using the former
preparation as an ETB catalyst, only EE and DEE were
formed. Meanwhile, using the catalyst prepared by template
assistance, a higher coupling activity could be attained than
that with any other studied catalyst. For instance, at 50%
ethanol conversion, the C, selectivity was as high as 80%,
while BD was formed at 55% selectivity. It was substantiated
that, at least at low conversions, the BD-intermediate CAL
could have been formed by direct acetaldehyde-ethanol
coupling, bypassing crotonaldehyde (CAD) formation and
Meerwein-Ponndorf-Verley (MPV) reduction of CAD.
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