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Abstract: MCM-41 mesoporous molecular sieves impregnated with MgO, MoOs, and Mo.C were
synthesized using a wet impregnation method. The compounds developed herein, were characterized
by means of XRD, SEM-EDS and FT-IR techniques. The production capacity of acetaldehyde from
ethanol was analyzed by catalytic processes employing as-synthesized MCM-41. The obtained results
show that the changes in crystallinity of MCM-41 were generated by the impregnation of oxides, which
generate damage to the structure of MCM-41. Nevertheless, the characteristics of the compounds show
a favorable reactivity behavior, allowing them to be used as heterogeneous catalyst material due to
the similarity of the characteristics between MCM-41 with and without Mg and Mo oxides. The catalytic
tests show the influence between the type of catalyst used and the temperature applied to the selective
process of acetaldehyde from ethanol, obtaining the best results in the samples impregnated with
Mo.C at 250 °C, with a production percentage of acetaldehyde of 80.7% and 77.9% for the catalysts
impregnated with 0.5% and 2.0% Mg and 3.0% Mo carbide, respectively.
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1. Introduction

Ethanol has become a promising candidate to replace fossil
fuels (Sun & Wang, 2014). The production of ethanol also
allows its implementation in the generation of chemicals such
as acetaldehyde (Canepa et al., 2020; Klinthongchai et al,,
2020), whichis used in a wide variety of industrial applications
(Rosales-Calderon & Arantes, 2019). Several processes of
converting ethanol to acetaldehyde usually requires oxidation
processes in the liquid phase, using homogeneous catalysts
(Jira, 2009); however, the catalysts applied to suffer a high
deactivation rate, for which the process has not been very
successful. This has aroused interest in the application of
different heterogeneous catalysts that allow increasing the
yield during the process of converting ethanol to
acetaldehyde. The application of MCM-41 porous material
systems have showed optimal results during the selective
oxidation process (Canepa et al., 2020).

The MCM-41 meso-porous material is a type of porous
material with pore sizes between 2 nm and 50 nm that has
been widely accepted due to its unique properties and
potential applications, maintaining the same advantages of a
conventional porous material (Beck et al, 1992; Kishor &
Ghoshal, 2017; Kresge et al., 1992; Ramazani et al., 2019; Wang
et al.,, 2012). Several authors have used different mechanisms
for the manufacture of porous materials MCM-41, applying
new raw materials such as organic materials and certain
minerals, e.g. bentonite (Liang et al., 2017; Liu et al., 2020;
Liu et al, 2019; Yang et al, 2018). Nevertheless, the
management of manufacturing techniques with traditional
reagents is still in force.

The application of this type of materials in catalytic
activities has a greatimpact. The application of metals such as
Cu, Mn, and Mg supported in MCM-41 have a great reaction
activity compared to other catalysts (Li et al., 2006; Li et al.,
2008; Mukherjee et al, 2019). The replacement of
homogeneous catalysts with heterogeneous catalysts has
attracted much attention due to the easy separation of
catalyst products, as well as the possible regeneration and
reuse of heterogeneous catalysts (Wang et al., 2012). The
physical properties of MCM-41 related to its structure diversity
and porosity allow this material to be a suitable choice as a
carrier (Zhanget al., 2010; Zheng et al., 2020).

Recently, transition metal catalysts, such as Cu, Mn, Mo, Fe,
Cr, Co, and their oxides are widely studied (Lopez et al., 2016;
Lietal.,2006). However, several of these metals are considered
highly toxic, which makes them impractical for wide adoption
in various catalytic processes. Among them Mg have been
recognized as a new non-toxic material that allows the
adsorption and removal of metal ions and organic pollutants

from dirty waters due to the fact that O radicals favor the
degradation of these components (Sharma & Kakkar, 2017).
The combination of MgO or Mo with MCM-41 improves the
properties of each compound, allowing a greater scope of
application (Gui et al, 2015; Higashimoto et al., 2005;
Mohamed et al., 2017; Peng et al,, 2016; Safa & Ma, 2016;
Saraiva et al., 2014; Stefanidis et al., 2016). Nevertheless, few
studies have been reported with Mg and Mo for the formation
of inter-metallic compounds supported in MCM-41 (Barthos et
al., 2008; Costa et al., 2020).

Ethanol is a derivative of biomass that has been widely
accepted as a material to replace conventional fossil fuels
(Sun & Wang, 2014), and different products of interest such as
acetaldehyde can be produced through it (Rodriguez-Gomez
etal,,2017; Shanetal.,2017; Shan etal., 2018). For this reason,
the purpose of this work is to develop the synthesis and
characterization of MCM-41 mesoporous sieves impregnated
with Mg and Mo oxides that will serve as catalysts in the
production of acetaldehyde from ethanol, since this
compound can be widely used in different applications e.g,,
perfumery, flavorings, aniline dyes, plastics, hardening of
gelatinous fibers, fertilizers, chemical compounds, and so on
(Luttrell, 2009). The procedure of this study consists the
manufacture and impregnation of Mg oxides and Mo oxides
and their carbides within the structure of the MCM-41 material.
This procedure allowed to determine the influence of Mo and
Mg within the physical characteristics of MCM-41.

2. Experimental

2.1. Catalyst preparation

A series of six catalyst materials were synthesized in this study.
The catalysts were synthetized with magnesium oxide at
0.5wt%, 1.0wt% and 2.0wt% produced from precursor salts by
means of the wet impregnation method. The magnesium
oxide (MgO) catalysts were doped with 3wt% molybdenum in
the form of oxide (Mo0Os) and carbide (Mo,C). The six catalyst
are presented in the Table 1.

Table 1. Catalyst produced in this work.

Additives Composition [wt%]
MCM-41 0.5% Mg 3.0% Mo
ol\xﬂize MCM-41 1.0% Mg 3.0% Mo
MCM-41 2.0% Mg 3.0% Mo
C-MCM-41 0.5% Mg 3.0% Mo
Mo Carbide C-MCM-41 1.0% Mg 3.0% Mo

C-MCM-41 2.0% Mg 3.0% Mo
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2.2. MCM-41 molecular sieve

The MCM-41 mesoporous sieves were synthesized by using
tetraethyl orthosilicate (SiCsH»0.) (Sigma Aldrich, 99.0%
purity) as a silica source and cetyltrimethylammonium
bromide (CigH33(CH3)sNBr) (Sigma Aldrich, 99.0% purity) as
template (Pires et al., 2002; Uphade et al., 2001). A 630 mL
amount of ammonium hydroxide (NH,OH) (Merck, 25%
analytical purity) was used with 810 mL of deionized water.
Subsequently, 6 g of CisHas(CH3)sNBr and 30 mL of SiCsH200,4
were added. The mixture was stirred on a mechanical shaker
at 420 rpm during 2 h at room temperature, maintaining the
pH = 12 in the solution. Subsequently, the solution was
vacuum filtered and dried in an electric oven at 127 °C for 24 h.
The dried samples were calcined at 600 °C for 11 h in a »”
internal diameter U-shaped quartz tube furnace. The first 5 h
of the calcination process were carried out under a nitrogen
flow of 100 mL-min® while the rest of the process (6 h) was
carried out under an air flow of 100 mL-min (Paloschi, 2002).

2.3. Mg impregnation

The addition of Mg to the developed samples was carried out
by the wet impregnation method, using a solution of
magnesium nitrate (Mg(NOs),*6H,0) (99.0% purity). The MCM-
41 samples were used as a substrate in this process. The
solutions were manufactured by varying the nitrate
percentage to obtain 0.5, 1.0, and 2.0 (in wt.%) of Mg in the
solution. The mixtures were stirred at 420 rpm for 2 h to ensure
the homogeneous dissolution of the reagents in the solution.
The solution was dried in an electric oven at 127 °C for 12 h;
subsequently, the solid material was calcined at 600°C for 5 h
with air flow (Vinu et al., 2004; Yasyerli et al., 2011).

2.4. Mo impregnation
The molybdenum addition was made from molybdenum oxides
in half of the samples and in the form of molybdenum carbide for
the remaining samples. The percentage used was 3wt% in both
samples. Molybdenum oxide was prepared by adding a solution
of ammonium heptamolybdate ((NH.)sM0-0,4) (99.0% purity) by
the wet impregnation method. A mixture of 1.0 g of MCM-41
impregnated with Mg, 0.4 g of (NH,)gM070x, and 10 mL of
deionized water was prepared. The sample obtained was
vacuum filtered and dried at 127 °C for 12 h. Thereafter, , the
samples were calcined at 500 °C for 7 h with air flow (Higashimoto
et al.,, 2005; Medeiros & Appel, 2002; Rana & Viswanathan, 1998).
For the preparation of the samples with molybdenum
carbide, the (NH,4)sMo,0,, was treated with a mixture of natural
gas and hydrogen (80 % CH4 - 20 % H,). The samples were
calcined at 627 °C for 3 h. After complete preparation of
carbide, the catalysts were cleaned of surface polymeric
carbon with a flow of H, at 727 °C (unclear sentence).
Manufacture of the carbide was done on-site because the
catalyst is very sensitive towards air and can be decomposed

in contact with air (Cai et al., 2011; Farkas & Solymosi, 2007;
Santos, 2002; Zhao et al.,, 2010).

2.5. Catalyst characterization

The characterizations of the sintered samples were carried out
by means of powder X-ray diffraction techniques, using a
source of Cu Ka (A =0.15406 nm), 40 kV and 30 mA, a 20 scale
from 1.5°to 70 ° and a step of 0.04 *s; Fourier transform infra-
red (FT-IR) spectroscopy on a Thermo Scientific equipment,
model Nicolet-6700, between the range of 4000 to 400 cm™
with a step of 4 cm™; and scanning electron microscopy (SEM)
using a ZEISS LEO 440 Scanning Electron Microscope (SEM)
and corresponding Energy Dispersed X-ray Spectroscopy
(EDS) technique at 10k magnification.

2.6. Catalyst behavior

Prior to the catalysis tests, the catalyst materials were cleaned
at 300 °C using a flow of nitrogen gas at 60 mL'-min™ for one
hour following a mixture of nitrogen at 60 mL-min™and oxygen
at 20 mL'min* and finally by a nitrogen flow at 120 mL-min™.
This process was carried out to guarantee the removal of
particles and possible contaminants from the samples.

The catalytic activity of ethanol used for the acetaldehyde
formation was tested using a gas phase reaction. The process
was carried out in a stream of nitrogen saturated - ethanol
with a flow of 60 mL-min’. A constant amount (0.03 g) of each
catalyst was used, while varying the temperature from 200 °C
to 300 °C in interval of 25 °C. The tests were carried out for a
period of 4 h for each of the samples, maintaining a constant
pressure of 7.870 kPa for the ethanol. Three replications were
made for each of the samples for a total of 90 tests.

3. Results and discussion

The samples prepared and sintered to obtain MCM-41
compounds impregnated with MgO and Mo, in the form of
oxide (MoO;) and carbide (Mo,C), were developed by
hydrothermal synthesis method. In that way, the composite
materials obtained were analyzed using different techniques.
The obtained data is represented in the form of graphs for
each of the characterization techniques used in order to show
the behavior in the sintered materials.

3.1. X-ray diffraction (XRD)

The XRD patterns are presented in Figure 1. The graphs show
the diffraction spectra for the samples of pure MCM-41 (Figure
1(a)), where the main peaks of the MCM-41 structure can be
seen. In Figure 1(b) the samples of MCM-41 impregnated with
MoQ; and in Figure 1(c) the samples of MCM-41 impregnated
with Mo,C. The diffraction peaks for the pure MCM-41
molecular sieve sample (Figure 1(a)) are clearly observed at
100 (26=1.9°); 110 (26 = 3.6 °) and 200 (26 = 4.2 °) which show
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a behavior according to other patterns published by other
authors for this material (Bentahar et al., 2017; Liu et al., 2020).
These peaks will serve as a reference standard for the analysis
of MCM-41 samples impregnated with MgO and Mo in oxide
and carbide form.

Figure 1(b) shows the diffraction patterns obtained for the MCM-
41 samples impregnated with Mg and Mo oxides. MoO; could be
observed in the XRD patterns, showing that the impregnation and
calcination methods were successful. The MgO pattern cannot be
clearly seen due to the low percentage of it in the samples. The
impregnation of the samples later with MoO; was able to hide the
dispersed magnesium that is incorporated into the MCM-41,
preventing a signal from it from being generated during the XRD
analysis (Fang et al., 2020; Liu et al., 2010). Figure 1(c) shows the
diffraction patterns for the Mo,C-impregnated samples. The peaks
corresponding to MgO were not also exhibited in this graph.
However, the Mo,C peaks are visible in each of the analyzed
samples, indicating that this process was also carried out
successfully. The low percentages of Mo,C favored the
impregnation process on the MCM-41 molecular sieve.

Figure 1(b - c) show a partially crystalline material, with the
presence of amorphous material, mainly between the 15 ° to
35 ° angles of the diffraction patterns, found in each of the
analyzed samples. This amorphous content can be attributed
tothe MCM-41 molecular sieve which presents, in its pure state
and free of impregnation (Figure 1(a)), a partially amorphous
zone in its spectrum in a range of angle window similar to
those found in Figure 1(b) and Figure 1(c). Nevertheless, the
impregnation of oxidized compounds, such as the
contribution of Mo from oxides, can favor an increase in the
amorphous content of the material. The calcination of
compounds could generate losses of some compounds due to
volatilization processes, affecting part of the structure of MCM-
41. The presence of a low percentage of Mg within the material
favors the catalytic properties of the material without affecting
other physical properties such as its structure or pH (Barthos
etal., 2008).

The variation and increase of Mo in the samples, whetherin
the form of oxide or carbide, does not greatly affect the
crystalline structure of the sintered materials. Although all the
samples partially conserved the general structure of MCM-41
as also presented by other authors (Sikarwar et al., 2018), the
handling of an oxide or carbide for the contribution of Mo
during the synthesis process allows to vary the type of
structure and crystallinity of the material.

3.2. B. FT-IR characterization

FT-IR analysis was performed on the synthesized catalysts.
The results are presented in Figure 2. By means of this
technique it is possible to determine by wavelength the link

between the elements present in each one of the synthesized
samples. The graphs show bands at 450 cm™ and 1092 cm™ in
Figure 2(a - b). These correspond to a Si - O - Si bond, typical
of the MCM-41 sieve. The bands at 560 cm™ can be analyzed as
preliminary criteria to affirm the formation of a solid ordered
structure (Pirouzmand, Anakhatoon, et al., 2018; Pirouzmand,
Asadi, et al., 2018). Additionally, in Figure 2(a) bands can be
observed at 960 cm™ corresponding to the vibrations of a
Metal - O - Si bond and peaks at 905 cm™, which correspond
to the vibrations of the Mo - O bond. These last two bands
indicate the strong presence of molybdenum oxide and
magnesium oxide in the analyzed samples. Nevertheless, in
Figure 2(b) all bands corresponding to molybdenum oxide
disappear, showing that the molybdenum species had been
converted to molybdenum carbide.

3.3. SEM-EDS characterization

Theimages obtained by SEM allow to observe that all samples
presented a similar morphology, characteristic to the MCM-41
sieves. Figure 3 shows an example of the morphology found in
the synthesized samples. The formation of spherical
compact particles with a regular format can be observed,
similar to other Mg/MCM-41 compounds, which show a
greater degree of agglomeration by the particles
(Karnjanakom et al.,, 2017). The union of these particles
presents a partial melting behavior (free of agglomerations)
due to the synthesis and calcination processes, which were
carried out at moderately high temperatures, allowing the
melting and partial union of these particles (Figure 3). It was
verified that there were no agglomerations of particles,
which would be a consequence of calcination (Borrell,
2010). This morphology is in good agreement with
previously reported data (Sikarwar et al., 2018).

The elemental composition analyzes were carried out using
the Energy Disperse X-ray Spectroscopy (EDS) technique. The
results obtained by this technique are shown in Figure 4. The
data obtained show all the expected elements, finding the
presence of Si and O, characteristics of MCM-41, as well as Mg,
Mo, and C, typical of the materials used during the
impregnation process. Figure 4(a - ¢) are the samples worked
with MgO and MoOs as starting materials EDS measurements
allow observing the presence of Mg and Mo elements.
Similarly, Figure 4(d - f) correspond to catalysts with MgO and
Mo,C carbide, which not only show the presence of Mg and Mo,
but also show the presence of C, and it corresponds to the
molybdenum carbide used during the synthesis process. The
generation of a heterogeneous catalyst, favors certain
properties such as the capacity for regeneration and reuse,
sought today for new materials (Jin et al., 2012; Vinu et al,,
2004; Wang et al., 2012).
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Figure 1. XRD patterns for synthesized catalysts obtained in this work. In a) for pure MCM-41
molecular sieve, b) MCM-41 molecular sieve impregned with Mg and Mo oxides, and
¢) MCM-41 molecular sieve impregned with Mg oxide and Mo carbide.
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Figure 2. FT-IR analysis realized for a) MCM-41 impregned with Mg and Mo oxides,

and b) MCM-41 impregned with Mg oxide and Mo carbide.
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Figure 3. SEM image obtained for a pure MCM-41
impregned with Mg oxide and Mo carbide.
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Figure 4. EDS analysis realized for the samples produced in this work. In a),
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3.4. Tests with the catalysts.

The data obtained in this stage allowed to observe the degree
of ethanol conversion, as well as the percentage of
acetaldehyde production using the different types of catalysts.
The conversion profile of the catalysts used is presented in
Figure 5. The increase in temperature favors the conversion of
ethanol into other products, with the highest performance
observed in catalysts impregnated with molybdenum carbide.
At the temperature of 300 °C, a maximum conversion value of
31% is achieved in the MCM-41 catalyst impregnated with
0.5% Mg-3.0% Mo. An increase in Mg within the MCM-41
catalyst generates a reduction during the process of
conversion of ethanol with an average conversion value of
25.52% in the catalyst impregnated with 2.0% Mg. The
application of Molybdenum in oxide form can generate a
reduction in the degree of conversion of up to 21%.

Using Pearson's correlation methods, itis observed that the
catalyst sample produced with 0.5% Mg-3.0% Mo has a greater
relationship between the increase in temperature and the
degree of conversion of ethanol gas into other products, the
catalysts produced with the addition of Mo in the form of
carbide present a direct correlation with the temperature of
95.1% on average, obtaining a value of 96.2% in the catalyst
with 0.5% Mg-3.0% Mo. On the other hand, the catalysts
produced with MoOs; show only a direct ratio of 87.2%.
Temperature has an influence on the reaction and
conversion of ethanol, the composition of the samples being more

important. In this sense, the application of molecular sieves
impregnated with molybdenum in the form of carbide and in
low percentages, i.e. MCM-41 carbide 0.5% Mg-3.0% Mo, favors
the conversion process of ethanol, while the compound such
as MCM-41 2.0% Mg-3.0Mo showed inferior activity.

Figure 6 shows the percentage of acetaldehyde generated
during the catalytic tests using the different catalysts
produced. Variations between samples are observed on
acetaldehyde synthesis from ethanol during the catalysis
process. The catalysts impregnated with cobalt carbide
showed the best performance, mainly at 250 °C. The MCM-41
1.0% Mg-3.0% Mo catalyst samples presented their best
performance at a temperature at 200°C, obtaining a
production of acetaldehyde up to 79.8%. An increase the
temperature causes a reduction in acetaldehyde production
up to 10%. On the other hand, the catalysts impregnated with
0.5% and 2.0% MgO and 3.0% Mo,C presented their highest
production values at 250 °C, with a production percentage of
acetaldehyde of 80.7% and 77.9%, respectively. The
correlation of the obtained data shows that temperature has
a greater influence on the MCM-41 catalyst sample, 0.5% Mg
and 3.0% Mo in oxide form, with a correlation up to 97.7%. The
catalysts with 2.0% Mg-3.0Mo in the oxide form and 1.0% Mg-
3.0Mo oxide obtained a correlation of 79.5%, indicating a
positive correlation for the sample impregnated with Mo oxide
and negative for Mo carbide. The other catalysts produced in
this study show a degree of correlation of less than 40%.
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Figure 5. SEM image obtained for a pure MCM-41 impregned with Mg oxide and Mo carbide.
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Figure 6. Percentage of acetaldehyde generated during the catalysis tests using the different catalysts produced.

4. Conclusions

The pristine MCM-41 and MCM-41 impregnated with Mg and
Mo were synthesized using the methodology described in the
document. The techniques used for characterization allowed
observing the status and relationship of each of the samples
developed in this study. The data obtained by the FT-IR
technigues allowed us to observe that the MCM-41 samples
impregnated with Mg and Mo largely conserve the
characteristics of the MCM-41 molecular sieve, while the XRD
standards and the SEM-EDS images showed a change in the
crystallinity and structure of the samples when developed
with oxides or carbides of Mo. The SEM images allowed
observing the mechanism of union of the components used.
In addition, the presence of spherical particles maintains a

union due to a partial fusion generated during the synthesis
process and the temperature at which it was carried out,
allowing the partial union of the particles without reaching a
total fusion state or agglomeration.

Catalytic tests show an improvement in the degree of
selective and production of acetaldehyde from ethanol when
the MCM-41 are impregned with Mo carbide. The ethanol
conversion during the catalysis process was highly related to the
increase in temperature, obtaining a degree of correlation up to
95.1% in the samples impregnated with Mo carbide and 87.2% in
the samples impregnated with Mo oxide. However, the highest
degree of acetaldehyde production was found at 250 ° C for the
MCM-41 1.0% Mg catalyst impregnated with 3.0% Mo carbide.
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