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ARTICLE INFO ABSTRACT

Keywords: Acetaldehyde has been identified as a key intermediate in the catalytic conversion of ethanol into butadiene or
Ethanol butanol. A variety of methodologies have been implemented to enhance the yield, including the promotion of in
Acetaldehyde

situ catalytic generation of acetaldehyde and the direct addition of acetaldehyde to the ethanol reactant. In the
present study, molybdenum-promoted, partially silica-coated magnesium oxide catalysts (Mo/MgO-SiO3) were
prepared and utilized. The initiation of an intermolecular redox reaction by molybdenum led to the conversion of
ethanol to acetaldehyde and ethane. However, the Mo-promoted catalyst exhibited lower basicity and, conse-
quently, reduced activity in aldol coupling when compared to the supporting oxide. The conversion of ethanol
and the yield of C4 were found to be higher in the presence of the Mo-promoted catalysts in comparison to the
MgO-SiO, support, yet butadiene selectivity was observed to be lower. The conversion of an ethanol/acetalde-
hyde mixture resulted in a substantial butadiene yield, accompanied by notable crotonaldehyde and crotyl
alcohol yields. It is noteworthy that the latter two products were not obtained from pure ethanol. At elevated
space velocities, two additional condensation products, ethyl vinyl ether and ethyl acetate, were obtained from
the mixture. This suggests that the coupled products are formed not only by the condensation of two acetal-
dehyde molecules, but also by other coupling pathways occurring between intermediate products that are
adsorbed on the catalyst surface.

Molybdenum oxide
MgO-SiO, catalysts
Butadiene

1. Introduction

The push for carbon neutrality is prompting the chemical industry to
increasingly use more renewable carbon sources. Although four-carbon
compounds can be efficiently prepared by coupling bioethanol using
heterogeneous catalytic processes, 1,3-butadiene and butanol are still
mainly produced from fossil carbon sources [1,2]. The most commonly
used catalysts for the ethanol-to-butadiene (ETBD) reaction are MgO--
SiO9 [3-5], ZrO,-SiOy [6-8] and their metal or metal oxide doped de-
rivatives [9-15]. Catalysts based on MgO-Al;03 [16-18] and
hydroxyapatite [19,20] are mainly used for the synthesis of butanol
(ETBL).

A number of studies suggested that the ethanol coupling proceeds by

* Corresponding author.
E-mail address: barthos.robert@ttk.hu (R. Barthos).

https://doi.org/10.1016/j.mcat.2025.115621

aldol mechanism [5,21-23]. Accordingly, the reaction is initiated by
catalytic formation of acetaldehyde from ethanol. The aldol condensa-
tion of acetaldehyde over a catalyst gives crotonaldehyde. In consecu-
tive reaction step crotonaldehyde can get transfer hydrogenated by
ethanol [Meerwein-Ponndorf-Verley (MPV) reaction], giving acetal-
dehyde and crotyl alcohol. The dehydration of crotyl alcohol can result
in 1,3-butadiene, whereas its double bond hydrogenation can give
1-butanol. The selectivity depends on the relative rate of mentioned
activities whereas the rate of the reaction and the conversion is deter-
mined by the rate-controlling step of the process. It follows from the
aldol mechanism that the moderate dehydrogenation/hydrogen transfer
activity of the mixed oxide catalysts might control the rate of acetal-
dehyde and, thereby, the rate of the C4 formation. Therefore, it is
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reasonable to co-feed acetaldehyde and ethanol or to use a mixed oxide
catalyst having higher dehydrogenation and hydrogen transfer activity.
A transition metal component can enhance latter activities, however, it
modifies also the activities in the condensation coupling and dehydra-
tion reactions initiated by basic and acidic surface sites.

Some results have called into question the central role of the acet-
aldehyde intermediate in the reaction. It has been proposed that butanol
could be produced in one step via the direct condensation of two ethanol
molecules [17,24-27]. Another alternative to the aldol mechanism in-
volves forming the crotyl alcohol intermediate through the coupling of
ethanol and acetaldehyde. This latter process is also known as the
semi-direct mechanism of 1,3 butadiene or butanol formation. Some
authors have concluded that any of these coupling mechanisms can
dominate under certain reaction conditions [28].

The ETBD reaction can be performed using either the one-step Leb-
edev method with pure ethanol or the two-step Ostromislensky method
with a mixture of ethanol and acetaldehyde. The acetaldehyde that is
used as a reactant must be synthesized separately. In the two-step pro-
cess the acetaldehyde is available in the reactor regardless of the
dehydrogenating and MPV activity of the catalyst. Although it could be
beneficial, the two-step procedure is not used in the ETBOL process.

Clearly, both aldol condensation and the MPV reaction must occur to
produce crotyl alcohol, a common intermediate in the formation of 1,3-
butadiene and butanol. Thus, maximizing the rate of crotyl alcohol
formation requires an optimal aldehyde/ethanol ratio. Kinetic studies
and experiments with acetaldehyde containing isotopically labeled
carbon suggest that aldol condensation occurs via the Redel-Eley
mechanism [29]. Li et al. [7] substantiated a bimolecular synergetic
adsorption mechanism. In brief, the active catalyst surface is covered by
enolate and ethoxy species. The gas phase above the catalyst contains
acetaldehyde that was either added to and/or generated from ethanol.
Aldol condensation has been shown to occur between the gas-phase
acetaldehyde and the surface-bound acetaldehyde enolate. The enol
form of the obtained aldol dimer (i.e., 3-hydroxybut-1-en-1-ol) is readily
dehydrated to crotyl aldehyde enolate. In the MPV reaction, ethanol
reacts with surface enolate species, releasing crotyl alcohol and acetal-
dehyde and regenerating active ethoxy species.

Transition metal oxides have been extensively studied as catalysts or
components of catalysts in the ETBD and ETBL reactions. However, little
attention has been given to molybdena [18,30-32]. Under comparable
reaction conditions, the MgO-Al,03 mixed oxide catalyst containing the
molybdenum component produced higher yields of butanol and 1,
3-butadiene than the molybdenum-free mixed oxide [18]. However,
the activity loss of the catalyst was significant. In general, the
MgO-Al,O3 mixed oxide supporting a transition metal oxide had
enhanced dehydrogenation activity relative to the support, but signifi-
cantly reduced basicity and, therefore, ethanol coupling activity [30].
Only minor amount of C4 product was obtained using molydena-silica
catalysts, most likely because their acid-base properties did not favor
the ethanol coupling reactions [31,32]. With the Mo(VI) catalyst,
ethylene and acetaldehyde were the main products with selectivites of
28 and 66 %, respectively. The Mo(IV)-containing catalyst had a lower
initial activity, yielding acetaldehyde and ethane with nearly equal
selectivity of about 47 % [32]. It has been proposed that ethane and
acetaldehyde form simultaneously via an intermolecular hydrogen
transfer reaction between two adjacent ethanol molecules adsorbed on
Mo*"—0% Lewis acid- Lewis base pair sites. The Mo(IV) can be obtained
from Mo(VI) through slow reduction by the ethanol feed. One aspect of
the present study is to learn about the ethanol coupling activity of the
strong base MgO-SiOg-supported molybdena catalysts.

The two most common methods for synthesizing MgO-SiO, mixed
oxide catalysts are co-precipitation [33,34] and wet kneading [35-38].
Co-precipitation results in a homogeneous mixed oxide, whereas wet
kneading results in a structure, consisting of contacting micro-size
islands of the two oxides [39]. Mg-O-Si bonds are formed only at the
contact surfaces [5]. The MgO phase is basic, whereas the Mg-O-Si bonds
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formed at the phase boundaries have acidic properties. Mainly the basic
sites are responsible for the aldol coupling activity [40]. The number
and strength of the acid sites ensure the appropriate dehydrating activity
[33,41]. Recently, Chung et al. [38] thoroughly investigated the
wet-kneading process and discovered that adjusting the pH of the
mother liquor properly can result in MgO-coated SiOy or SiOs-coated
MgO structures. The latter preparations were found to be more efficient
catalysts in the ETBD process. Namely, when wet kneading is performed
at a pH of 11.4, a Si-OH-Mg structure forms in wich the acidic and basic
sites are in atomic proximity, which reduces the activation energy of
consecutive reactions that lead to butadiene formation.

In this study we prepared a partly silica-covered MgO catalyst, using
the Chung’s method. We characterized the structure, acid-base proper-
ties, and catalytic activity when converting ethanol and an ethanol/
acetaldehyde mixture. Our study shows that MoOs on the surface of
MgO-SiO, can promote ethanol conversion, the acetaldehyde formation,
but not the butadiene/butanol selectivity. Acetaldehyde co-fed with
reactant ethanol establishes more favorable conditions for obtaining
afore mentioned C4 products regardless of the presence or absence of
metal or metal oxide promoter.

2. Experimental
2.1. Catalyst synthesis

The wet-kneaded MgO-SiO-, catalysts were prepared from Mg(OH),
and Cab-O-Sil® fumed silica using the method described by Chung et al.
[38]. The Mg(OH). was precipitated from a 1 M magnesium nitrate
solution (Mg(NOs3)2-6H50, Alfa Aesar, ACS, 98-102 %) at pH 12. The pH
of the solution was adjusted via the dropwise addition of a 2 M NaOH
solution. After aging for one hour, the precipitate was separated by
centrifugation, washed five times with distilled water, and dried at 120
°C overnight. A mixture of Mg(OH), and SiO,, with a 2 to 1 Mg to Si
atomic ratio, was suspended in a 100-fold excess of distilled water and
the initial pH of the solution (10.4) was adjusted to 11.4 with a 12.5 wt
% ammonia solution. Under these conditions, a significant portion of
SiOg is in solution while a significant portion of MgO is in the solid
phase. Then, the mixture was kneaded for two hours using a high-shear
mixer. The solid part, separated by centrifugation, was dried overnight
at 120 °C. It was then heated at a rate of 5 °C min! to 500 °C and
calcined for five hours. The MgO-SiO5 sample thus prepared is desig-
nated as WK catalyst.

Molybdenum-containing catalysts were prepared by impregnating
the wet-kneaded MgO-SiO; with ammonium paramolybdate
(NH4)6Mo7024-4H50, Reanal, Hungary) solution until the desired MoOs
content of 2 or 5 wt % was achieved. For each gram of the mixed oxide,
10 cm? of the appropriate concentration of paramolybdate solution was
added. The water content was then evaporated, and the solid residue
was dried at 120 °C overnight. Next, it was heated at a rate of 5 °C min!
to 500 °C and calcined for five hours. These preparations are designated
as 2MoWK and 5MoWK catalysts.

2.2. Characterization of catalysts

The compositions of the MgO-SiO; and Mo-containing samples were
determined by inductively coupled plasma optical emission spectros-
copy (ICP-OES) using a SPECTRO GENESIS spectrometer (SPECTRO
Analytical Instruments GmbH, Kleve, Germany).

The catalysts were characterized using nitrogen adsorption-
desorption isotherms measured at —196 °C with a Thermo Scientific™
Surfer automatic volumetric adsorption apparatus (Thermo Fisher Sci-
entific, Waltham, MA, USA). Prior to the measurements, the samples
were pretreated in a vacuum at 250 °C for 120 min. The Bru-
nauer-Emmett-Teller (BET) method was used to calculate the specific
surface area. The Barrett-Joyner-Halenda (BJH) method was used to
calculate the pore size distribution. The micro- and mesopore volumes
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Fig. 1. (A) Nitrogen physisorption isotherms of the catalysts, with the adsorption branch marked with full symbols and the desorption branch marked with open
symbols. (B) XRD patterns of the catalysts. The intensities of the lines are normalized to the periclase line (200) of the WK sample.

were determined using the Gurvich method.

The powder X-ray diffraction (PXRD) patterns of the catalysts were
recorded using a Philips PW1810/3710 diffractometer (Malvern Pan-
alytical B. V., Amelo, Netherlands) at room temperature, between 5° and
80° (20), with a step size of 0.04° and a dwell time of 0.5 s per step.
Monochromatized CuKa radiation (A = 0.15418 nm) was used with an
excitation voltage of 40 kV and a current of 35 mA.

Scanning electron microscope (SEM) images were obtained with a
Thermo Fisher Scientific Apreo C (Thermo Fisher Scientific, Waltham,
MA, USA). The elemental map of the samples was recorded using
energy-dispersive X-ray spectroscopy (EDX). Microscopic images were
obtained with a current of 40 mA and an acceleration voltage of 20 kV.

The acid-base properties of the catalysts were characterized using
temperature-programmed desorption (TPD) of adsorbed ammonia
(NH3) and carbon dioxide (CO3). Approximately 200 mg of catalyst from
the 0.315-0.650 mm sieve fraction was loaded into a U-shaped quartz
tube reactor with an internal diameter of 4 mm. The catalyst was then
activated at 500 °C for one hour with a 30 mL min’! oxygen flow and
cooled to room temperature within the flow. After evacuation, the
sample was exposed to CO5 to characterize basicity or NH3 to charac-
terize acidity, each at 13.3 kPa for 15 min. To remove weakly adsorbed
molecules, the sample was evacuated for 15 min, after which it was
heated to 500 °C at a rate of 10 °C min™ in a helium flow of 21.4 mL min®
1. The gas flow leaving the catalyst was first passed through an acetone/
dry ice trap and then through a thermal conductivity detector (TCD).
The catalyst was held at the final temperature for 30 min. The NH3-TPD
measurement protocol included a 30 min isothermal step at 150 °C to
separate the desorption from the sorption sites of weak and medium acid
strengths. The final temperature of 500 °C was maintained for one hour.
The TPD curves were integrated, and the amount of desorbed gas was
calculated based on calibration values.

Qualitative characterization of acidic sites was performed using
pyridine adsorption FTIR measurements. Prior to taking the measure-
ments, the self-supporting wafers were activated in a hydrogen or oxy-
gen stream at 450 °C for one hour. The sample was cooled to 200 °C in
the applied gas stream. After 30 min of evacuation at 200 °C, the sample
was exposed to pyridine at a pressure of 666 Pa for 30 min. Spectra were
recorded at 100, 200, 300, and 400 °C after 30 min of evaporation at
each temperature.

Temperature-programmed hydrogen reduction (Hy-TPR) measure-
ments were used to characterize the oxidation states of the Mo in the
catalysts. The same equipment, catalyst loading, and pretreatment were
used as for the TPD measurements. At room temperature, the Oy flow
used for pretreatment was switched to a 30 mL min™ flow of a 10 % Hy/
Ny gas mixture. After a stabilized TCD signal was attained, the sample
was heated to 800 °C at a rate of 10 °C min™! and held there for one hour.
The gas stream leaving the quartz tube reactor passed through a trap
containing liquid nitrogen to freeze the formed water and then through a
TCD to measure the H, concentration as a function of temperature. The
amount of Hy consumed for reduction was calculated based on the
calibration value.

Thermogravimetric mass spectrometric (TG-MS) characterization of
the SMoWK catalyst was carried out using a Setaram Labsys Evo TG-
DTA/DSC (EGA) system connected to a Pfeiffer Vacuum OmniStar MS
gas analyzer (Pfeiffer Vacuum GmbH, Asslar, Germany). Measurements
were taken in He and in synthetic air at temperatures ranging from 25 to
800 °C. The gas flow rate was 80 mL min™ while the heating rate of 5 °C
min’l. The results were evaluated and processed using the Calisto Pro-
cessing 2.092 AKTS program.

Ultraviolet-visible (UV-Vis) spectrophotometric measurements were
performed using a Thermo Scientific Evolution 300 instrument equipped
with a Praying Mantis diffuse reflectance unit to determine the UV
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Fig. 2. SEM image of sample WK and spatial distribution of O, Mg and Si elements determined by EDX mapping method.

absorption edge energies of the Mo-catalysts. This instrument allows
samples to be pretreated at high temperatures and pressures. For the
background recording, 99.998 % pure barium sulfate (Alfa Aesar BaSO4)
was used. Spectra were recorded within the 200-800 nm wavelength
range with a resolution of 2 cm™. To remove the adsorbed water the
finely powdered sample was heated in the measuring cell to 450 °C in an
oxygen stream. After 30 min, a spectrum was recorded at this temper-
ature. Another spectrum was recorded after the sample had been cooled
back to room temperature. To eliminate self-absorption and other
interfering effects, the samples were diluted with Alfa Aesar BaSO4 to
such an extent that the Kubelka-Munk function, F(R,), calculated from
the reflectance values, met the F(R,) < 1 condition. The edge energy
(Eg) of the allowed transitions was determined by fitting a straight line
to the low-energy rise of the F(Roo)hv? vs. hv plot, where hv represents
photon energy [42].

2.3. Catalytic test reactions

The temperature and space-time dependence of the conversion and
selectivity was studied at atmospheric pressure using either 15 vol %
ethanol/He or 13.5 vol % ethanol/15 vol % acetaldehyde/He gas
mixture as reactant. Experiments were carried out also with 15 vol %
acetaldehyde/He.

A tubular, flow-through microreactor made of glass with an internal
diameter of 8 mm was used. Prior to each measurement 0.5 g of catalyst
was activated in situ in the reactor in a 15 cm®min! oxygen flow at 450
°C for 30 min. A Gilson 307 type HPLC pump was used to introduce the
liquid ethanol, acetaldehyde, or ethanol/acetaldehyde reactant into an
evaporation chamber, which was held at 120 °C temperature. From the
chamber the vapor mixture was flushed into the reactor with a helium
flow.

The reactor outlet was connected to an on-line Shimadzu GC-2010
type gas chromatograph (GC, Shimadzu Corp., Kyoto, Japan) with a
pipeline kept at 120 °C to prevent the condensation of any product
before the sample of the product mixture entered the GC. The GC
operated with two columns and two flame ionization detectors (FIDs).
The oxygen-containing products were analyzed using a PoraPlot Q (50 m
x 0.32 mm x 10 um) column. The hydrocarbon products were analyzed
using a KCl-deactivated CP-Al;03 (50 m x 0.32 mm x 5 pm) column.
The product mixture leaving the reactor and the GC was collected in an

ethanol/dry ice trap and analyzed by Shimadzu GCMS-QP2010SE type
GC-MS instrument equipped with ZB-WAXplus (60 m, 0.32 mm, 0.5 pm)
column. The system was calibrated using separate samples of the re-
actants and main products. Conversion was calculated as the relation of
the number of reactant moles consumed in the reaction and the number
of moles fed in the reactor. The selectivity was obtained as the ratio of
the number of carbon atoms of a given product to the total number of
carbon atoms in all products.

3. Results
3.1. Composition and structural properties of the catalysts

The elemental composition of the samples is consistent with the
amounts of reactants used to prepare them (Table S1).

The nitrogen physisorption isotherms of the catalysts are shown in
Fig. 1A. The specific surface area (SSA), calculated by the BET method, is
200-250 m?/g. According to the TUPAC classification [43], the iso-
therms are type IV, indicating that the samples are mesoporous. The
hysteresis loop of the WK sample is H1 type and shows a regular pore
size distribution with a maximum pore diameter of ~31 nm. After
impregnation of molybdenum oxide, the isotherms of both catalysts
change to H3 type, indicating a broadening of the original pore size
distribution. The explanation for the widening is that the MoO3 nano-
particles are incorporated into the pores of the WK and partially or even
completely block them. In the sample with higher molybdenum content,
larger nanoparticles are formed, which result in the formation of a pore
system that provides a larger specific surface area calculated using the
BET method.

After impregnation with MoOgs, a broad line appears in the X-ray
diffractograms of 2MoWK and 5MoWK between 20° and 35° 26 values
[44], with slightly higher intensity in the sample with higher molyb-
denum content. The broadening of the lines indicates that the size of the
MoOgs crystallites is small. Thus, it is not possible to determine whether
an orthorhombic or hexagonal form has formed [45]. Valihura et al.
identified the hexagonal form on the Mo/MgO-Al;O3 catalyst at a
significantly higher molybdenum trioxide (MoOs3) content of 15.7 wt %.
The lines of the periclase form of MgO (26 = 42.95° [200], 62.36°
[220], etc.) and the broad line of amorphous SiOy (26 = 23°) can be
identified in all three samples.
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Fig. 3. SEM image of sample 2MoWK and spatial distribution of O, Mg, Si and Mo elements determined by EDX mapping method.

Table 1
The textural and acid-base properties of the catalysts.
Catalyst SSA*® pV" PD Mo density ¢, weak! ¢, medium! cp”
m2.g?! em®.g? nm atoms-nm™ umol-g! umol-g! umol-g!
WK 250 1.48 31.4 - 134 69 108
2MoWK 200 0.50 - 0.42 196 159 71
SMoWK 238 0,54 0.88 129 101 41

 Specific surface area, determined by BET method.

b Pore volume, determined by Gurvich method.

¢ Most frequent pore diameter. calculated by BJH method.

4 Concentration of acidic sites, determined by NH3-TPD method.
¢ Concentration of basic sites, determined by CO,-TPD method.
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Fig. 4. Determination of the UV adsorption edge energies of the standard
compounds (NasMoO4, (NH4)>Mo0,07;, MoO3) and the 2MoWK and
5MoWK catalysts.

Scanning electron microscopic (SEM) images and corresponding
elemental maps show that MoWK catalysts comprise SiOy-covered MgO
particles with molybdenum distributed evenly on their surfaces- (Figs. 2
and 3).

The molybdenum densities of the samples were calculated using the
ratio of molybdenum content to specific surface area and found to be
0.43 and 0.88 Moatoms nm? for the 2MoWK and 5MoWK samples,

respectively (Table 1.). According to Thielemann et al. [46] the forma-
tion of surface molybdenum forms is independent of the chosen syn-
thesis method at such Mo densities. It is known that molybdenum can be
present on the surface of oxide supports in polyoxomolybdate anions
having different degrees of polymerization [47]. These forms can easily
be identified using UV-Vis spectrophotometry. To achieve this, the edge
energy (Eg) of the allowed transitions must be determined. The spectra
recorded for the catalysts and standard materials in their dehydrated
state are shown in Fig. 4. In the NapMoOy structure the molybdenum
(VI) atoms are isolated (i.e., the Mo atoms have no Mo neighbor). In the
(NH4)2Mo0507 standard represents the structures containing molybde-
num (VI) dimer (i.e., the Mo atoms have one Mo neighbor). In the MoO3
standard, the molybdenum(VI) atoms are in a bulk phase (i.e., the Mo
atoms have five Mo neighbors). Fig. 4 shows that, due to their low
molybdenum content, the catalyst samples exhibit Eg values between
those of isolated and dimeric molybdenum structures [48]. Fig. 4 also
shows that the slope of the fitted line (i.e., the Tauc coefficient) is much
steeper for the 2MoWK sample than for the 5SMoWK sample. The value of
the Tauc coefficient is known to depend on electronic delocalization and
structural order and it decreases with increasing crystallinity [49]. This
finding also indicates that the degree of ordering of molybdenum in the
2MoWK sample is higher than in the 5MoWK sample. This can be
explained by the existence of several molybdate structures at higher
molybdenum contents. As shown in Figure S1, the Hy-TPR measure-
ments indicate that reducing molybdenum in the 2MoWK sample is
more challenging than in the 5SMoWK sample. It starts at a higher tem-
perature, and while the 5MoWK sample has a hydrogen consumption of
2.43 H/Mo up to ~660-670 °C, the 2MoWK sample has a hydrogen
consumption of only 1.37. Additionally, the total reducibility of the
2MoWK sample is slightly lower than that of the 5SMoWK sample (H/Mo
ratio is 4.93 vs. 5.10). Arena and Parmaliana [50] used Hy-TPR
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measurements on MoO3/SiO catalysts and found that the reducibility of
different molybdenum forms decreases in the following order: poly-
molybdates > MoOs crystallites > isolated molybdates. Thus, the results
of the Hy-TPR measurements corroborate the UV-Vis findings, which
indicate that the 2MoWK sample primarily consists of isolated molyb-
dates, while the 5SMoWK sample contains a mixture of isolated molyb-
dates and polymolybdate forms.

3.2. Acid-base properties of catalysts

It is widely accepted that the activity in the ethanol coupling re-
actions is controlled by the acid-base properties of the catalyst. How-
ever, there is still no clear correlation between the surface
characteristics determined by NH3- and CO-TPD measurements and the
product distribution [39]. The efficiency of the ETBD reaction is
significantly influenced by the number, strength, and spatial structure of
the catalyst’s acid and base sites. For MgO-SiO catalysts, acid sites form
along Mg-O-Si bonds. Base sites, on the other hand, are assigned to MgO.
As shown in Table 1 and Figure S2, the catalysts’ acidity increased and
their basicity decreased after molybdenum oxide impregnation
compared to the initial WK. MoOs is a Lewis acid, so its presence alone
increases the catalyst’s acidity. New Si-O-Mo bonds form during
impregnation and subsequent heat treatment, further increasing the
acidity of the samples. As shown in Table 1, the number and strength of
the acid sites are highest in the 2MoWK sample. This can be explained by
the fact that this sample contains primarily isolated molybdates, which
form more Si-O-Mo bonds than polymolybdates do. In polymolybdates,

most of the molybdenum atoms are part of Mo-O-Mo chains and cannot
form Mg-O-Si bonds. The decrease in basicity due to molybdenum
impregnation occurs because the acidic heptamolybdate ions react with
the basic sites of WK, reducing the number of basic sites. This also ex-
plains why impregnating with a larger amount of molybdenum reduces
WK’s basicity more. The results of pyridine adsorption FT-IR measure-
ments (Figure S3) demonstrate that the 5SMoWK sample exclusively
contains Lewis acid sites in both its oxidized and reduced forms.

3.3. Results of catalytic test reactions

Fig. 5 shows the temperature dependence of ethanol conversion. At
each temperature, conversion was higher with the MoWK catalysts than
with the WK catalyst. Butadiene selectivity remained nearly constant
within the tested temperature range. It was approximately 55 % for the
WK catalyst, and approximately 40 % and 20 % for the 2MoWK and
5MoWK catalysts, respectively. Butanol selectivity was much lower than
butadiene selectivity and was lower at lower Mo content and higher
reaction temperature. In contrast, the acetaldehyde selectivity of the Mo
catalysts was significantly higher than that of the WK catalyst. More
ethane and less ethylene were formed on the MoWK catalysts than on the
WK catalyst.

Butanal and crotyl alcohol are possible intermediates in the forma-
tion of butadiene and/or butanol. However, no butanal was found in any
of the product mixtures. The MoWK catalysts had somewhat higher
selectivity for crotyl alcohol than the WK catalyst, but it was still <1 %,
even at the highest applied reaction temperature.
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achieved by varying the space velocity. The reaction conditions used were: ~15 % ethanol/He; 0.5 g of catalyst; 0.33-6 Zethanol-Sesr-h™; a total flow rates between 10

and 180 ml/min.

Butenes were present in the product mixtures at a concentration
greater than 10 %. Minor amounts of butane, propane, and propylene
were also detected (not shown).

The conversion of ethanol was studied as a function of space-time at
325 °C. Product selectivities are represented as a function of conversion
(Fig. 6). At low conversions, acetaldehyde was the main product. At
higher conversions, acetaldehyde still formed with high selectivity on
Mo-containing catalysts. This indicates that a large fraction of the pri-
mary aldehyde product did not participate in further reactions. On the
5MoWK catalyst, ethane was the second main product. It is also
important to note that crotonaldehyde and crotyl alcohol were only
detected with a selectivity of <0.5 % at the highest conversions. The
butanol selectivity was higher with the catalyst that contained less Mo
and became the second main product with the Mo-free WK catalyst at
higher conversions.

The effect of space-time on ethanol conversion was also studied at a
temperature of 375 °C (Figure S4). Despite the higher conversion rates,
the selectivity curves for the Mo-containing catalysts were like those
observed at 325 °C. However, the activity of the WK catalyst was
different. At high space-times (low WHSV, high conversions), the acet-
aldehyde selectivity remained below 20 %, while the butadiene selec-
tivity was significantly higher than at 325 °C. At lower space-times (high
WHSV, lower conversions), the higher temperature no longer affected
the product distribution. The selectivity was approximately 1 % for
crotyl alcohol and 0.5 % for crotonaldehyde across the entire examined
space-time range.

Fig. 7 shows the product distribution resulting from the conversion of
the acetaldehyde/ethanol mixture as a function of temperature.

Acetaldehyde had no significant effect on the amount of converted
ethanol (see Figs. 5 and 7). Note that acetaldehyde was a reactant and a
possible product in these reactions. With the 5SMoWK catalyst, negative
acetaldehyde conversion was calculated because the product mixture
contained more acetaldehyde than the feed (Figure S5). As shown in
Fig. 7, the product distribution is distorted because the calculation did
not account for the significant yet unknown amount of acetaldehyde
that could have been produced. As an alternative extreme approach to
addressing the selectivity problem, the total acetaldehyde content of the
product mixture was used in the calculation (Figure S6). It can be
concluded that acetaldehyde in the reactant mixture promoted the
butadiene selectivity of the WK catalyst at temperatures between 350
and 425 °C. The positive effects of acetaldehyde were even higher on the
butadiene selectivity of Mo-containing catalysts. Butanol was also ob-
tained with higher selectivity from the conversion of the mixture than
from the conversion of pure ethanol. It is important to note that croto-
naldehyde formed with significant selectivity on the WK catalyst at low
temperatures and that the condensation product, ethyl vinyl ether, also
appeared (Fig. 7). The significant formation of crotonaldehyde was
surprising because only trace amounts of crotonaldehyde were obtained
from the conversion of pure ethanol on this catalyst (Fig. 5).

The conversion of the acetaldehyde/ethanol mixture was studied as a
function of space-time at a temperature of 325 °C. Product selectivities
were plotted against conversion (Figs. 8 and S5) and compared with
corresponding results obtained using pure ethanol as the reactant
(Fig. 6). At low conversions, ethyl vinyl ether and ethyl acetate appeared
among the products. Acetaldehyde in the reactant mixture promoted the
formation of butadiene on Mo-containing catalysts at longer space-times
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while suppressing the formation of ethane. Crotyl alcohol and croto-
naldehyde were also among the products; these products formed only in
small amounts from pure ethanol. Acetaldehyde was present in signifi-
cant amounts in the product mixture at the lowest conversions (WHSV of
6.0 greactam~g;1at-h'l), and its selectivity decreased with increasing con-
version on all three catalysts (Figure S7).

The effect of space-time was also investigated at a temperature of
375 °C (Figures S8 and S9). It was found that the coupling reactions in
the acetaldehyde/ethanol mixture were more facile than those in pure
ethanol (see Figures S4 and S6). Despite the higher conversion rates, the
selectivity curves for the Mo-containing catalysts were like those ob-
tained at 325 °C (see Figs. 8 and S7). At low space-times, the selectivity
of butadiene, butanol, crotonaldehyde, and crotyl alcohol was higher for
the mixture than for pure ethanol. The acetaldehyde in the mixture
suppressed the formation of ethyl vinyl ether and ethyl acetate. At
higher space-times on Mo-containing catalysts, the selectivity of C4 ox-
ygenates decreased, and the proportion of ethane and butenes in the
product mixture increased. The product mixture obtained with the WK
catalyst at higher conversions contained virtually no acetaldehyde. In
contrast, a significant amount of acetaldehyde was present in the
product obtained using Mo-containing catalyst (Figure S7). These results
suggest that Mo in the catalyst promotes acetaldehyde formation but not
the participation of the aldehyde in further transformations.

At a reaction temperature of 375 °C the activity of the WK catalyst
changed minimally over 24 h, whereas the activity of the Mo-containing
catalysts varied significantly (Fig. 9). Conversion decreased more
sharply with higher molybdenum content. Acetaldehyde selectivity
increased significantly with both Mo-catalysts, while ethane selectivity

decreased at varying rates depending on the Mo content. The selectivity
of the other products remained almost unchanged.

Upon examining the reaction of pure acetaldehyde (15 vol %/He), it
was found that crotonaldehyde was the main product for both the WK
and 5MoWK catalysts, with selectivities of 93 % and 99 %, respectively
(Figure S10). Acetaldehyde conversion on the WK catalyst varied be-
tween 25 and 30 %, while on the MoWK catalyst it varied between 18
and 20 % in the temperature range of 300 to 350 °C. The main by-
products were ethanol and butanal.

3.4. Characterization of spent catalysts

The activity of the 5MoWK catalyst decreased rapidly. The results of
Hy-TPR measurements showed hydrogen consumption of 5.1 H/ Mo for
the fresh, oxygen-activated 5SMoWK catalyst and 3.85 H/Mo for the used
catalyst (Figure S1). Later number proves that the MoOs impregnated on
the catalyst became partially reduced during the reaction. The value of
5.1 H/Mo substantiates that even up to 800 °C temperature the Mo®"
was not reduced completely to Mo®.

The activity of the used catalysts could be fully recovered by acti-
vation in oxygen stream at 450 °C for 30 min. The TG-MS spectrum of
the catalyst not used yet in reaction showed a peak corresponding to CO»
evolution at 312 °C. This peak could result from the decomposition of
some carbonate. A similar peak did not appear for the catalyst previ-
ously used in coupling reaction because the carbonate was already
decomposed at the reaction temperature. The TG-MS results suggested
that the activity of the 5MoWK catalyst could have been changed not
only due to reduction of Mo®* but was deactivated at least partly also by
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carbon deposition that could be removed by combustion in oxygen
giving TG-MS peak at about 460 °C (Figure S11).

4. Discussion

Effect of acid-base paroperties. Previous results showed that the MgO
phase is basic and plays an important role in the coupling reactions of
ethanol and acetaldehyde, while, the Mg-O-Si bonds formed at the MgO-
SiO5 phase boundaries are acidic and have dehydration activity [40].
The basic and acidic surface sites co-operate in initiating the conversion
of ethanol and acetaldehyde. Added transition metals were found to
modify the catalytic activity of the MgO-SiO, mixed oxide. It became
clear that the catalytic function of the metal component depends on the
type of metal, its concentration, and its chemical state but the role of
metal in steering the reaction is not yet fully understood. Mixed oxide
MgO-SiO, was prepared by the wet kneading method and was used as
catalyst (WK) and also as support to derive Mo/MgO-SiO, catalysts
(MoWK). The pH applied during wet kneading resulted in a partly
SiOg-covered MgO structure, which has proven to be an effective ETBD
catalyst (Fig. 5A) Following molybdenum impregnation, the catalysts
exhibited increased acidity and decreased basicity This change in
acid-base properties suppressed the coupling reactions; that is, the
selectivity of butadiene and butanol decreased. Interestingly, however,
the increase in acidity did not lead to an increase in the combined
selectivity of the dehydrated products, i. e. ethylene and diethyl ether.
The most notable effect of molybdenum doping is the increased amount
of ethane and acetaldehyde in the product mixture.

Effect of MoOs. Tian et al. [30] examined the ETBL reaction on
MgO-Al,03 supported MoOs catalyst. In these experiments, ethane for-
mation was not observed. However, by poisoning the catalyst with
acetic acid, the authors concluded that the amount of acetaldehyde in
the product mixture had increased due to a decrease in the catalyst’s
basicity and the subsequent suppression of aldol condensation. Naka-
mura et al. [32] investigated the conversion of ethanol in mechanical
mixtures of MoO3/SiO5 and MoQO5/SiO,, both of which contained ~5.7
wt % molybdenum oxide. They found that acetaldehyde and ethane
were formed in equimolar amounts in the sample containing reduced
molybdenum (MoO-), even at the initial stage of the reaction. Mean-
while, the ethylene selectivity is around 1 %. For the sample containing
MoOs, this equilibrium is reached after nine hours, with lower selec-
tivities for ethane and acetaldehyde, accompanied by the formation of a
significant amount of ethylene (~36 % selectivity). Based on these re-
sults, they concluded that ethane and acetaldehyde are produced in one
step from a single intermediate formed by the rearrangement of two
ethanol molecules adsorbed on two adjacent metal cation-oxygen anion
pairs on reduced molybdenum oxyde. Ethane formation was also
observed in our experiments, and it was evident that the amount of
ethane produced increased with increasing molybdenum content. In our
experiments, ethane formation begins in the initial stage of the reaction.
This can be explained by the fact that the MoO3 present in a higher
dispersion on the supported catalyst is reduced more easily than the
MoOs in the bulk phase in the experiment described above. Stability
measurements conducted over 24 h revealed that the conversion on
molybdenum-containing catalysts decreases continuously (Fig. 9). As
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the conversion drops, the selectivity of butadiene on the 2MoWK cata-
lyst decreases, while that of acetaldehyde increases. The increase in
acetaldehyde selectivity on the 5MoWK catalyst is accompanied by a
decrease in ethane selectivity. In other words, the coupling reactions are
suppressed on both catalysts, even though there is a large quantity of
acetaldehyde present in the system. On the 5MoWK -catalyst, the
coupling according to Reaction 1 should be considered.

-H,0

e

One might ask whether the molybdenum oxidation number is sig-
nificant because it forms a Mo®"/Mo*" redox cycling system, which
enhances the dehydrogenation of ethanol. This is highly unlikely
because the reaction occurs in a reducing medium. This means that
either the ethanol itself or the hydrogen produced during butadiene
formation can reduce the molybdenum. Because there is no oxidizing
agent in the system, the partially reduced molybdenum cannot be
reoxidized, thus a redox cycle cannot develop. In summary, according to
Nakamura et al. [32] the effect of MoOs can be interpreted as the
reduction of molybdenum, which leads to a change in the reaction
mechanism. That is, while the main reaction in the sample containing
Mo®" is the dehydrogenation of ethanol to acetaldehyde, after the par-
tial reduction of molybdenum, the disproportionation of two ethanol
molecules to ethane and acetaldehyde becomes the determining reac-
tion. This change is the result of altered ethanol adsorption conditions.

Effect of acetaldehyde co-feeding. Santos et al. [51] concluded that the
high Mg content of the Mg-Al-Si catalyst promoted the dehydrogenation
of ethanol to the acetaldehyde intermediate, which readily underwent

10

aldol condensation at the acid-base active sites of the support. However,
the aldol mechanism is also strongly questioned as the only possible
form of ethanol coupling [24,26,28]. To clarify the role of acetaldehyde
in the reaction we studied the reaction of an ethanol/acetaldehyde
mixture in which acetaldehyde (or an acetaldehyde-like intermediate)
does not form in situ, but enters the reaction network as a whole
molecule. As shown in Fig. 5, the WK catalyst produces butadiene with
stable selectivity of 55 %, while relatively small amounts of acetalde-
hyde are formed. The butanol selectivity of 10-15 % can be explained by
the presence of a separate MgO phase. As can be seen in Fig. 7, the
conversion of acetaldehyde in the ethanol/acetaldehyde mixture in-
creases significantly only from 375 °C. In parallel, the selectivity of
butadiene formation also increases. At lower temperatures, the selec-
tivity of butadiene is significantly lower than in the reaction with pure
ethanol, while condensation products appear that cannot be detected in
the reaction with pure ethanol (crotyl alcohol, crotonaldehyde, ethyl
vinyl ether). The first two products are intermediates that are
well-known in the aldol condensation pathway for the conversion of
ethanol to butadiene or butanol. They can be identified in the reaction of
pure ethanol, especially crotonaldehyde, but only in small amounts. The
most widely accepted explanation for this is that they are rapidly con-
verted into the appropriate final product (butanol or butadiene)
depending on the characteristics of the catalyst. This conversion occurs
at such a high reaction rate that the products do not leave the catalyst
surface, even during an extremely short residence time. The question
arises as to how the C = C double bond in crotonaldehyde and crotyl
alcohol is hydrogenated in systems that do not contain a metal compo-
nent? Although MPV reduction occurs easily on MgO-SiO2 and
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MgO-Al,03 catalysts, molecular hydrogen cannot reduce the C = C temperatures with high conversions at the same space-times, and
double bond or the carbonyl group. In contrast, the reduction of the disappear from the product mixture at lower space-times than at 325 °C.
double bond in ethanol/crotonaldehyde and ethanol/crotyl alcohol It can also be seen that, while the selectivity of butanol increases with
mixtures is achieved with high conversion using both catalysts (not yet increasing space-time at 325 °C, this trend is reversed at higher tem-
published). These results suggest that ethanol is responsible for the peratureThe most widely accepted theory for the mechanism of ethanol
hydrogenation of the C = C double bond, but not via the Hy released coupling reactions is that the carbon-carbon coupling occurs through the
from it. Rather, it occurs through a transition state in which molecular aldol condensation of two acetaldehyde molecules. In the reaction of
hydrogen is not formed. In other words, hydrogenation occurs between pure ethanol, crotyl alcohol is the only intermediate found in the aldol
the two co-adsorbed species: ethanol and crotonaldehyde or crotyl condensation pathway at low conversions (low space-times), while
alcohol. Examining the molybdenum-containing samples shows that the significant amounts of butadiene and butanol are found in the products.
MoOs additive does not promote butadiene formation. The basic idea The product distribution changed when acetaldehyde was added to
was good in that the amount of acetaldehyde in the product mixture the reactant ethanol. The products of the acetaldehyde-acetaldehyde
increased. However, this did not lead to an increase in the amount of and acetaldehyde-ethanol (direct and semidirect pathways) couplings
coupled products. Instead, ethane formation came to the fore (see Eq. appeared. This suggests that acetaldehyde’s reactivity as a reactant on
(1), above), while crotonaldehyde and crotyl alcohol were not detected the catalyst differs from its reactivity when produced from ethanol
on these catalysts. during the reaction. Coupled products can be formed in a similar way by

This characteristic pattern was also maintained in the molybdenum- rearrangement between molecules adsorbed on two adjacent active
containing samples in the ethanol/acetaldehyde reaction, i.e. the pro- sites. An example of this is the formation of ethane and acetaldehyde, as
portion of acetaldehyde in the product mixture was high, the selectivity mentioned above. Their formation is favored at lower temperatures and
of ethane and butenes was high, and the intermediates of the aldol shorter residence times. Neither ethyl vinyl ether nor ethyl acetate can
condensation pathway could not be detected. The only difference is that be intermediates in the formation of butadiene or butanol; both are
the selectivity of butadiene is increased compared to that found in the formed in the direct condensation reaction shown above (Reactions 2
reaction with pure ethanol (mostly because acetaldehyde is not included and 3). The following facts support the ethanol-ethanol and ethanol-
in the denominator of the selectivity calculation). Examining the space- acetaldehyde coupling mechanisms: (i) When pure acetaldehyde is
time dependence at two different temperatures (325 °C and 375 °C) for added as a reactant, crotonaldehyde will appear among the products, in
the reaction of pure ethanol (see Figs. 7 and S2), it can be seen that, as a way that is similar to the reaction of pure crotonaldehyde (See
the residence time on the WK catalyst increases, acetaldehyde disap- Figure S10). However, if it is formed during the reaction (i.e. during the
pears from the products and the selectivity of butadiene increases. It can reaction of pure ethanol), it will not appear. It is unlikely that this is a
also be observed that, while it increases with increasing space-time at result of suppressing the Meerwein-Ponndorf-Verley reduction with 10
325 °C, the selectivity of butanol decreases at 375 °C. In samples con- % acetaldehyde. (ii) At low conversion rates, butanol and butadiene are
taining molybdenum, it can be seen that a significant proportion of the produced simultaneously. This requires the catalyst to both hydrogenate
acetaldehyde does not undergo further reaction. Meanwhile, ethane and dehydrate the crotyl alcohol. (iii) At 325 °C, butanol selectivity
appears among the products and the formation of butadiene and butanol increases with increasing space-time as conversion increases. At 375 °C,
is suppressed compared to the reaction of pure ethanol. When the however, it decreases. This is possible because at high temperatures the
ethanol/acetaldehyde mixture is reacted at low conversions at 325 °C, dehydrating activity increases and the hydrogenating activity decreases.
products that are presumably the result of ethanol-acetaldehyde Or at low temperatures (at lower ethanol conversions) the chance of

coupling (ethyl vinyl ether, Eq. (2)) and acetaldehyde-acetaldehyde ethanol-ethanol coupling is even greater, while at higher temperatures
coupling (ethyl acetate, Eq. (3)) appear, in addition to the in- acetaldehyde-ethanol coupling is more likely. (iv) Although molybde-
termediates of the aldol condensation pathway (crotyl alcohol and num produces acetaldehyde, it is released as a product and not C4
crotonaldehyde). coupled molecules are formed from it. This is presumably because it is

- H,0

AO + /\OH /\O/\ 2

released from a transitional form rather than being present as adsorbed
(activated) acetaldehyde.

O

3)
AO + AO - > /\O)J\

As previously mentioned, molybdenum-containing catalysts are less
basic than the WK sample. This results in the suppression of coupling

At higher space-time values, these products gradually disappear and reactions. In addition to the acetaldehyde formed alongside ethane,
a product distribution develops that is similar to that observed in acetaldehyde that does not enter coupling reactions contributes to
temperature-dependent measurements at higher temperatures. Exam- increased acetaldehyde selectivity. The most widely accepted theory
ining the results of the space-time dependence measurements performed states that the rate-determining step in ethanol coupling reactions is the
at 375 °C (Figures S4 and S6), we can observe that the above-mentioned dehydrogenation of ethanol to acetaldehyde. Another possible expla-
coupled products are formed in significantly smaller amounts at higher nation for the increased amount of acetaldehyde in the product mixture
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of the ethanol/acetaldehyde reaction is that when acetaldehyde is
introduced into the catalytic system as a reactant, a new reaction
pathway opens up. In this pathway, the formation of acetaldehyde is no
longer the rate-determining step. In other words, not all of the acetal-
dehyde introduced as reactant or formed from ethanol reacts along the
length of the catalyst bed. To gain a deeper understanding of the role of
acetaldehyde fed as a reactant, further experiments and thorough kinetic
modeling are needed.

5. Conclusions

In this study, wet kneaded MgO-SiO, with a 2/1 Mg/Si molar ratio
and its 2 and 5 wt % MoOs-containing derivatives were investigated in
the reactions of ethanol and a 9/1 ethanol/acetaldehyde mixture.
Structural studies have shown that as the molybdenum content in-
creases, the isolated molybdate forms are replaced by the poly-
molybdate forms. The addition of molybdenum increased the acidity of
the catalysts, while their basicity decreased compared to the pure MgO-
SiO4 samples. Due to the change in acid-base conditions, the selectivity
of the coupled products decreased in the molybdenum-containing
samples. Meanwhile, the selectivity of acetaldehyde increased and
ethane appeared among the products due to the disproportionation of
two adsorbed ethanol molecules on two adjacent active sites on a
partially reduced molybdenum-containing catalyst. The products of the
aldol condensation pathway, crotonaldehyde and crotyl alcohol, appear
in the reaction of the ethanol/acetaldehyde mixture. These products can
only be detected in trace amounts in the reaction of pure ethanol. Sig-
nificant amounts of ethyl vinyl ether and ethyl acetate also appeared
among the products at high space velocities and low temperatures.
These products are formed in the condensation reactions of ethanol-
acetaldehyde and acetaldehyde-acetaldehyde. Based on these results,
mechanisms analogous to the formation of ethane have been proposed.
These mechanisms achieve carbon-carbon coupling through the
condensation of two acetaldehydes and a crotonaldehyde intermediate.
It has also been suggested that introducing acetaldehyde as a reactant
could create new reaction pathways. This is because ethanol dehydro-
genation would no longer be the rate-determining step in the consecu-
tive reaction chain.
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