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ABSTRACT

Magnesia-silica mixed oxide catalysts of different texture and morphology were prepared for the ethanol-
to-butadiene (ETB) reaction. Magnesia of low and high specific surface area (SSA) were made by thermal
decomposition of magnesium nitrate. High-SSA MgO was prepared using hard-templating (HT) method.
Mesoporous carbon, obtained by carbonizing a resorcinol-formaldehyde polymer was used as template.
The carbon pores were saturated by Mg(NOs), solution and calcined then in order to decompose the ni-
trate and combust the carbon to get high-SSA MgO. The processes induced by latter calcination were fol-
lowed by Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) method. To obtain MgO-SiO, cat-
alysts both magnesia samples were wet-kneaded (WK) with a silica aerogel and a structured mesoporous
SBA-15 silica material, having lower and higher SSA, respectively. Morphological and textural properties
of these mixed oxide catalysts were characterized by means of N, physisorption, X-ray powder diffrac-
tion (XRD), Transmission Electron Microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Energy
Dispersive X-ray Spectroscopy (EDX). Ranking the catalysts was attempted according to their acidity and
basicity, i. e., by the concentration and strength of their acidic and basic sites. Therefore, the samples were
characterized by their adsorption interaction with molecules, having either basic or acidic character. The
adsorption of CO, and NH3 was studied by Temperature-Programmed Desorption (TPD) method, whereas
that of the pyridine and CDCl; by Fourier Transform Infrared Spectroscopy (FT-IR). The WK changed the
structure of the parent oxides, generated Mg-O-Si bonds, acidity, and basicity. The XPS and EDX results
showed that the surface Mg content of the mixed oxide samples made from the low-SSA MgO was higher
than that of the bulk phase, while that of the samples made of the high-SSA MgO was lower. This demon-
strates that MgO prepared by use of a carbon template proved to be more reactive in the WK process
and generated more Mg-0O-Si bonds. The mixed oxide catalysts containing high-SSA MgO showed always
higher activity and butadiene (BD) selectivity than the corresponding catalyst containing low-SSA MgO.
The higher BD selectivity of these catalysts is related to their subtle acidity-basicity balance. Neverthe-
less, the measured selectivities did not show correlation with any of the parameters characterizing the
acid-base properties of the catalysts. The highest BD yield was obtained at 425 °C achieving 75% ethanol
conversion level and 50% BD selectivity.
© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

nent. Because of the rapidly increasing rubber demand research
was launched to make synthetic rubber at the beginning of the

The 1,3-Butadiene (BD) is one of the most important raw ma-
terials of plastics and rubber industries. Today, it is produced al-
most exclusively on crude oil basis. At the dawn of rubber pro-
duction only natural rubber was available, having plant-derived
BD homologue isoprene (2-methyl-1,3-butadiene) as main compo-
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last century. The ethanol-to-butadiene reaction (ETB) proved to
be promising. Two catalytic synthesis processes were elaborated,
namely the one-step process (Lebedev synthesis), applying pure
ethanol, and the two-step process (Ostromislensky synthesis), us-
ing ethanol-acetaldehyde mixture as reactant. However, the grow-
ing petroleum industry virtually terminated the application and
development of the ETB reaction in the 1950s. Driven by carbon
neutrality requirements and rapidly growing bioethanol produc-
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tion, the interest in the ETB reaction increased and its research
gained momentum in the last twenty years. Two reaction path-
ways were suggested for the reaction. According to the widely
accepted one first acetaldehyde is formed, then two acetalde-
hyde molecules combine to 3-hydroxybutanal. From latter com-
pound crotonaldehyde is formed by dehydration. The crotonalde-
hyde is hydrogenated to crotyl alcohol by Meerwein-Ponndorf-
Verley (MPV) reduction [1]. Another opinion is that crotyl alcohol
is formed from the direct reaction of ethanol and acetaldehyde co-
adsorbed on the surface of the catalyst [2,3]. BD is obtained from
the crotyl alcohol in a final dehydration step. The co-operation of
the acidic and basic sites is required for the reaction to proceed in
the correct direction. Several papers have recently been published
explaining the conversion of glycerol to, for example, ethanol [4],
allyl alcohol [5] and glycidol [6] through the concerted action of
acidic/basic sites.

The most commonly used catalysts (supports) in the ETB reac-
tion are MgO-SiO, [3,7-25] and Zr0O,-SiO, [26,27]. In the reaction
pathways described above the acetaldehyde is reactant or primary
product. In compliance with this several studies have shown that
catalyst additives with ethanol dehydrogenation activity, such as,
transition and noble metals or their oxides could significantly in-
crease the BD yields [5,9,10,14,15,17]. However, some studies re-
ported that comparable BD yields were obtained over pure MgO-
SiO, than over catalysts containing a third metal. Results suggested
that the mixing method of the oxide components is of great im-
portance. The acid-base properties of the catalyst and, thereby, its
hydrogenation-dehydrogenation, C-C coupling, and dehydration ac-
tivity depended on the properties of the parent oxides and on the
method applied for mixing them. There is no consensus in the lit-
erature about the most effective mixing method. Usually higher BD
yields were found over catalysts prepared by wet-kneading (WK)
method than over those made by simple mechanical mixing [7,24],
coprecipitation [12,21,24] or by incipient wetness [24] techniques.
Several results demonstrate that the BD yield can be increased
by enhancing the specific surface area (SSA) and porosity of the
silica component of the MgO-SiO, mixed oxides. Thus, various
mesoporous, high-SSA silicas were used, such as SBA-15 [10,13,27],
MCM-41 [27], TUD-1 [28,29], dealuminated BEA [27,30] etc., which
were then combined with MgO or metals/metal-oxides in different
ways. However, less attention is given to increasing the SSA and
porosity of MgO. Miyaji et al. [31] showed that the hydrothermal
treatment of calcined MgO modified the structure of MgO and in-
creased its SSA. As a result the hydrothermally treated MgO had in-
creased butadiene selectivity. Men et al. [9] used polyvinylpyrroli-
done as soft template to increase the SSA and porosity of MgO,
whereas Reschetilowsky et al. [14] applied hydrothermal treatment
of magnesium nitrate in the presence of alkali metal carbonates to
prepare MgO of high-SSA. Another method of preparing high-SSA
mesoporous MgO is the so-called hard-templating (HT) process, in
which the magnesium precursor is introduced into the pores of
mesoporous carbon from which mesoporous MgO is formed by cal-
cination treatment [32]. The most widely used carbons for the HT
process are CMK-3 [33] and carbon obtained by thermal decompo-
sition of resorcinol/formaldehyde polymer [32,34-36].

The present study aims to understand the effect of SSA and
porosity of MgO and SiO, components on the ETB activity of MgO-
SiO, catalysts, prepared by WK.

2. Experimental
2.1. Catalysts
Four magnesia-silica mixed oxides and four parent oxides were

studied. A lower-SSA silica aerogel was prepared and a higher-SSA
structured mesoporous SBA-15 silica material was also used. These
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materials are designated as Si; and Siy, respectively. Also a lower-
SSA and a higher-SSA magnesia were prepared and designated as
Mg, and Mgy, respectively. The mixed oxides made by WK from
these oxides are identified as Mg; -Si;, Mg -Siy, Mgy-Si;, and Mgy-
Siy.

Silica hydrogel was obtained by dropwise adding of 41.6 g of
tetraethyl orthosilicate (TEOS) to 440 ml of 3 to 1 mixture of
ethanol-NH3 solution at 70 °C. The mixture was stirred overnight
then the solvent was evaporated at 70 °C. The residue was dried
at 120 °C for 12 h and calcined at 550 °C to get the silica aerogel,
Sip.

The Siy is a commercial SBA-15 product, purchased from Nan-
jing XFNANO Materials Tech Co., Ltd., China. Prior use this material
was dried at 120 °C.

The Mg, was obtained by thermal decomposition of
Mg(NO3),-6H,0. The nitrate was heated up in air to 600 °C
at a rate of 1 °C/min and kept at the final temperature for 8 h.

The Mgy sample was prepared by the HT method. In the first
step a resorcinol-formaldehyde (molar ratio 2) polymer was syn-
thesized: 97 g of resorcinol and 143 g of formaldehyde (aqueous
solution, containing about 37 wt% formaldehyde, stabilized with
10 vol% methanol) were mixed in 260 g of water. To the solution
0.1875 g of Na,COs3, pre-dried at 120 °C, was added to initiate poly-
merization. The mixture was then aged at room temperature for
one day and then kept at 50 °C for 48 h and at 90 °C for a further
192 h in an oven. To remove the water from the pores the prod-
uct was four times washed with 1500 mL of acetone then dried for
24 h at room temperature. The polymer was carbonized in a tube
furnace. It was flushed by an N, flow of 200 ml min~! and heated
up to 800 °C at a heating rate of 1 °C min~!. The material was kept
at this final temperature for additional 5 h. In the next step the ob-
tained carbon (60 g) was soaked in Mg(NOs3), solution (1200 mL,
3.5 M) for seven days. Then filtered over G1 sintered glass filter,
dried at room temperature overnight, and then at 120 °C for 48 h.
A mesoporous magnesium oxide (Mgy) was obtained by calcining
the dried product in air. The temperature was raised to the final
calcination temperature of 600 °C at a rate of 1 °C min~! and the
preparation was kept at this temperature for 8 h.

WK was performed by stirring mixtures of 2.68 g MgO and
2.00 g SiO, (the Mg/Si molar ratio equals 2) in 100 mL water for
5 h at room temperature then the water was evaporated, the solid
residue was dried at 120 °C overnight and calcined then at 550 °C
for 5 h.

2.2. Catalyst characterization

The thermochemical transformations of the resorcinol-
formaldehyde polymer, the mesoporous carbon, and the Mg(NOs),-
soaked carbon were followed using Setaram LabsysEvo (Lyon,
France) TG-DSC system. Samples were weighed into an Al,03
crucible having 100 pL volume. The reference crucible was kept
empty. The polymer was heated up to 800 °C in flowing high
purity nitrogen (99.999%), whereas the other two preparations in
a flow of synthetic air to 600 °C. The gas flow rate was always
80 mL min~! and the heating rate was 5 °C min—!. The obtained
curves were baseline-corrected and further processed with the
processing software of the thermoanalyzer (Calisto Processing,
ver. 2.092, AKTS, Switzerland). Both the temperature scale and
the calorimetric sensitivity of the analyzer was calibrated by a
multipoint calibration method, in which seven different certified
reference materials were used to cover the operating temperature
range.

X-ray powder diffractograms were recorded at room tem-
perature using a Philips PW 1810/3710 diffractometer, applying
monochromatized CuKo (A =0.15418 nm) radiation (40 kV, 35 mA)
and proportional counter. Data were collected at room temperature
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between 1.5° and 70° 26, in 0.04° steps, counting signals for 0.5 s
in each step.

Nitrogen adsorption/desorption isotherms were measured using
Thermo Scientific Surfer automatic, volumetric adsorption analyzer
at 77 K. Prior to the measurements the samples were evacuated
for 2 h at 250 °C.

The morphology of the samples was examined by a Ther-
mofisher Themis 200 Cs-corrected (scanning) transmission electron
microscope (S)TEM with an accelerating voltage of 200 keV. EDX
maps were recorded using Super-X EDX detectors in STEM mode.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out by a Kratos XSAM 800 spectrometer operating in fixed
analyzer transmission mode, using Mg Ko, (1253.6 eV) excita-
tion. Survey spectra were recorded in the kinetic energy range of
100-1300 eV with 0.5 eV steps. High resolution spectra of the
main constituent elements (O1s, Cls, Si2p, Mg2s) were recorded
by 0.1 eV steps. Spectra were referenced to the Cls line (284.6 eV
binding energy) of the hydrocarbon type carbon contaminant.
Quantitative analysis, based on peak area intensities after removal
of the Shirley type background, was performed by the Kratos Vi-
sion 2 and by the XPS MultiQuant programs [37], using experi-
mentally determined photoionisation cross-section data of Evans
et al. [38] and asymmetry parameters of Reilman et al. [39]. Sur-
face chemical compositions were calculated by the “infinitely thick
sample” model. Correction for surface contamination was done by
the method of Mohai [40].

Acid-base properties of the samples were determined by NHs
and CO,-TPD and by recording the FT-IR spectra of adsorbed pyri-
dine and CDCls.

For NH3-TPD measurements the samples, filled in a U-tube
quartz reactor, were pre-treated in a 30 ml min~! flow of O, at
500 °C for 1 h, then flushed by N, (30 ml min~1) at the same
temperature for 15 min. The pre-treated sample was evacuated at
550 °C, cooled to room temperature and contacted with NHs at
about 14 kPa pressure. After 15 min the weakly adsorbed ammo-
nia was removed by evacuation. Then the reactor temperature was
ramped up in He flow (20 ml min~1) at a rate of 10 °C min~! to
150 °C. After holding this temperature for 30 min, the sample was
heated up to 550 °C (10 °C min~') and held at this temperature
for 1 h. The effluent gas was passed through a dry ice-acetone trap
and a thermal conductivity detector (TCD).

CO,-TPD measurements were also performed as described
above, omitting the isothermal step at 150 °C.

Calculation of the adsorbed amount of both probe molecules
was based on the peak areas. Prior to the measurements the TCD
was calibrated by passing through it known amounts of NHs; or
CO,.

The FT-IR spectra were recorded by a Nicolet Impact Type 400
FT-IR spectrometer. Always 64 scans were averaged at a resolution
of 2 cm~!. The self-supporting pellet method and a conventional
high-vacuum IR cell were used. The pellets were pre-treated in
vacuum at 450 °C for 1 h. In case of pyridine adsorption measure-
ments, the sample pellet was contacted with pyridine at 666 Pa
pressure and 200 °C. Spectra were collected at room temperature
after successive evacuations at 100, 200, 300, 400, and 450 °C for
30 min. The CDCl3 adsorption measurements were carried out at
about 933 Pa adsorptive pressure in the IR cell at room tempera-
ture.

2.3. Catalytic activity

Catalytic ETB reaction was carried out at atmospheric pressure
in fixed-bed flow-through, quartz tube (@ = 10 mm) microreac-
tor. The catalysts (~ 1 g, particle size 0.315-0.65 mm) were acti-
vated in oxygen flow (20 ml min—') for 30 min at 550 °C. Ethanol
was introduced into an evaporation zone in front of the catalyst
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bed using a Gilson 307 HPLC Piston Pump. The composition of
the feed was ~15% ethanol/He at a total flow rate of 30 ml/min
(0.5 Zethanol-8cat -h~1) and the reaction temperature was varied
for measuring the temperature dependence of the activity. The ef-
fect of contact time was analyzed by using the same reactant con-
centration and changing of the total flow rate between 7.5 and
180 mL min-!. The reaction products were analyzed by on-line gas
chromatograph (GC) (Shimadzu GC-2010). The GC was equipped
with two FID detectors. One was connected to a Chrompack PLOT
Fused Silica column with Al,03/KCl stationary phase (50 m long,
0.32 mm diameter) for the analysis of hydrocarbon products, while
the other one was connected to a HP- PLOT-U column (30 m long,
0.32 mm diameter) for the analysis of oxygenates. The GC was cal-
ibrated for ethanol and for all major products in independent mea-
surements.

The conversion was calculated from the difference between the
amount of ethanol fed and the amount of unreacted ethanol. The
product selectivity was defined as the ratio of the carbon atom
number of a product and the summarized carbon atom number
of all the products.

3. Results and discussion
3.1. TG-DSC characterization of mesoporous carbon production

Carbonization of the resorcinol-formaldehyde polymer was car-
ried out in N, flow applying a temperature ramp-up from 25
to 800 °C. The weight loss in this carbonization process was
51.07 wt% (Fig. 1A). On the DSC curve two endothermic peaks
appeared. The low-temperature peak (40-120 °C, heat flow on-
set temperature of 48 °C) belongs to desorption of acetone/water,
while the high-temperature peak (450-630 °C, heat flow onset
temperature of 464 °C) can be attributed to condensation and de-
composition of the resorcinol phenolic hydroxyl groups. The de-
composition/combustion of mesoporous carbon and the decom-
position/combustion of Mg(NOs),-soaked carbon was carried out
by raising the temperature of the sample from 25 to 600 °C in
air flow. The conversion of the mesoporous carbon started around
420 °C and the weight loss was 84.50 wt% at the end of the heat-
ing up procedure. It should be mentioned that the tailing of the TG
curve suggests that the combustion of coal is not complete at this
temperature. Note that in this measurement there was no further
isothermal treatment at the highest temperature. The heat effect
of the carbon combustion, evaluated from the DSC curve, was -
14.4 k] g~! with heat flow onset temperature of 469 °C. The peaks
in the high temperature range of the TG curve can be explained by
the flaring of carbon particles Fig. 1.C demonstrates that the pres-
ence of Mg(NO3), promotes carbon combustion. It started at lower
temperature and there was no weight loss above 480 °C. The to-
tal weight loss was 84.70 wt%. The amount of the formed high-
SSA MgO was calculated to be around 15 wt% of the Mg(NOs),
soaked carbon. The heat effect of Mg(NO3), decomposition and
carbon combustion was —18 kJ/g with heat flow onset temperature
of 359 °C.

3.2. Structure and morphology

The XRD patterns of all mixed oxide samples (Fig. 2A) show a
broad diffraction line at around 26 = 20-30°, attributed to amor-
phous SiO,, and lines of the periclase modification of MgO at
20 = 43.0 and 62.5° It can also be observed that in case of the
Mg, samples the lines belonging to MgO are somewhat stronger
and narrower, suggesting a higher degree of crystallinity. A reflec-
tion at around 35.3° could be discerned in the X-ray patterns of the
mixed oxide samples except in the pattern of the low-SSA Mg -Siy
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preparation. This reflection substantiates the presence of magne-
sium silicate in the catalysts.

Because acid-base properties stem from the electronic disbal-
ance of Mg-0-Si bonds the ETB activity of the catalyst is strongly
related to the surface concentration of such bonds. The crystallite
size, calculated by the Scherrer equation from the XRD diffraction
peaks of MgO suggests that the magnesia particles were degraded
during the WK process (Table 1).

The nitrogen physisorption isotherms (Fig. 2B) show that the
Sii, in the mixed oxide catalysts retained the characteristics of the
parent Si; (The isotherms of the parent materials are shown in
the Supporting Information, Fig. SI1). The shape of the hysteresis
loop indicates that these samples contain mesopores of broad size
distribution. The SSA of the Si; material and the catalysts, con-

taining Si; are similar (near to 300 m2/g). It can be concluded
that the added MgO did not significantly affect the morphology of
the parent Si silica (Table 1). However, the isotherms of the Siy-
containing catalysts suggest that the structure of the parent SBA-15
material has changed significantly during the WK procedure. The
isotherm of the Mgy-Siy sample shows flattened and spread hys-
teresis loop in the relative pressure range of 0.40-0.95 (Fig. 2B).
The pore volume and size were also significantly reduced rela-
tive to those of the parent SBA-15 material (Table 1). These results
suggest that the ordered SBA-15 structure has partially collapsed,
moreover, some mesopores could have been clogged by MgO parti-
cles. The structural change was the most pronounced for the Mg, -
Siy catalyst, wherein the original structure of the parent SBA-15
has been completely collapsed or the pores of the parent SBA-15
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Table 1
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Textural and acid-base properties of magnesia-silica catalysts, prepared by the wet kneading method, and their parent low and high SSA oxides.

Textural properties

Acidic properties

Basic properties

Sample SsA? pVb PD¢ s G (W) ¢ (m)f Pyridine® oh cDCl (W) €DCl; (m)
Mgy 5 0.03 5.56 82 4/0.8 N 0.05 67/13.4 0.44 0.63

Mex 53 0.34 2029 27 119/2.25 132/2.49 0.09 8/0.15 0.91 -

Siy 300 0.39 430 - 64/0.21 - 0.05 1/0.00 0.24 -

Sin 494 120 8.09 . - - 0.12 - 0.10 -

Mg, -Si 299 0.48 3.88 14 143/0.48 91/0.30 0.63 35/0.12 0.82 0.6

Mg, -Sig 39 0.19 3.96 23 52/133 39/1.00 0.16 17/0.44 0.49 -

Mgs-Si, 287 0.40 426 10 221/0.77 156/0.54 0.59 31/0.11 0.74 135
Megy-Sin 233 0.44 3.37 10 169/0.73 143/0.61 0.91 32/0.14 0.63 0.89

a specific surface area (m?/g).
pore volume calculated by the Gurvich method (cm?3).

b
c
d crystallite size of MgO calculated by the Scherrer equation (nm).
e

f

¢ integrated area of FT-IR band at around 1448 cm~! after evacuation at 200 °C.
hadsorbed amount of CO, (umol/g)/(umol/m?2).

most frequent pore diameter calculated from the desorption branch by the BJH method (nm).

adsorbed amount of NH3 (umol/g)/(umol/m?); amount of sites, having weak acid strength.
adsorbed amount of NH3 (umol/g)/(nmol/m?); amount of sites, having medium acid strength.

! integrated area of the peak at around 2257 cm~!, obtained from the adsorption of CDCl; at room temperature; the peak area represents the amount of sites, having weak

base strength.

J integrated area of the peak at around 2230 cm~', obtained from the adsorption of CDCl; at room temperature; the peak area represents the amount of sites, having

medium base strength.

MgH-SiL

Fig. 3. TEM images of the samples.

are totally blocked. The obtained mixed oxide had an SSA as low
as 39 m2/g which is a very typical value for external surface area
of SBA-15 silica particles. The small-angle XRD patterns (insert in
Fig. 2A) show that the original regular structure disappeared due to
WK process. Nevertheless, the sample retained some mesoporosity.

The TEM images, shown in Fig. 3 suggest that the catalysts
are morphologically inhomogeneous. The elemental maps of the
samples prove that the samples consist of crystalline MgO, and

amorphous Si-Mg-O-containing phases. The catalysts produced by
WK using low-SSA MgO contain crystalline MgO particles, having
a diameter of around 300-500 nm, as well as, 100-200 nm long
needle-like MgO crystals. In accordance with the results of XRD
measurements these samples exhibit higher degree of crystallinity
than the samples made from high-SSA MgO. In latter catalysts the
crystalline MgO particles are smaller (d=100-200 nm) and no or
only very few needle-like MgO crystallites can be observed.
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Fig. 4. Elemental maps of the catalysts. HAADF: High-Angle Annular Dark-Field imaging.

The elemental maps of the samples are shown in Fig. 4. The
map of the Mgy-Sip sample shows that the distribution of the two
components in this sample is quite homogeneous. In contrast, most
SiO, particles in the Mgy-Siy mixed oxide catalyst and in the cat-
alysts, containing Mg; are coated with MgO particles (and vice
versa). This is indicated by the fading of the elemental map. The
conclusions drawn for the structures of the catalysts from the anal-
ysis of their N, adsorption isotherms are in harmony with above
findings.

The Mg/Si ratio used in the synthesis was 2/1. For determining
the surface Mg/Si ratios of the catalysts XPS measurements were
performed. The surface of the samples, containing low-SSA MgO
was enriched in Mg (Mg/Si>2), whereas the surface Mg/Si ratio of
the samples, containing high-SSA MgO were smaller than 2. The
Mg/Si ratios were also determined from EDX measurements. Al-
though this method is less accurate than the XPS method, simi-
lar results were obtained than by XPS (Fig. 5). The oxygen peaks
were deconvoluted into three components, but no physical mean-
ing could be assigned to these peaks and no significant difference
can be recognized for these components (Table SI1).

3.3. Acid-base properties

The results derived from the TPD (Fig. 6, Fig. SI2) and the FT-IR
(Fig. 7, Fig, SI3) measurements are given in Table 1.

In the NH3-TPD measurements an isothermal step was applied
at 150 °C for about 30 min to desorb the weakly adsorbed ammo-
nia (Fig. 6A). The ammonia, desorbed in this period and at tem-
peratures <150 °C was assigned to sites of weak acid strength,
whereas the ammonia, desorbed at higher temperatures was as-

24 G2 xPs .

1677

©
£
©
€124
(2]
)
=

0.0

Mgy-Siy Mgy-Si_ Mg, -Si, Mg, -Siy

Fig. 5. Surface Mg/Si ratios of the catalysts determined by XPS and EDX methods.
The straight line indicates the 2 to 1 molar ratio, used for synthesis.

signed to sites of medium acid strength. The results show that
more acid sites are in the mixed oxide samples containing Mgy
than in those containing Mg;, while the acid strength of the sites
is nearly the same.

We could come to similar conclusions from the pyridine ad-
sorption measurements. The IR spectra shows that adsorbed pyri-
dine is coordinated to Lewis acid sites. Bands of surface-bound pro-
tonated pyridine were not discernible. These results suggest that
catalysts are Lewis acids and do not have Brensted acidity. The



B. Szabé, G. Novoddrszki, E. Lényi et al. Journal of Molecular Structure 1259 (2022) 132764

550 550
500 500
450 450
) 400 400
S -
. 1 D
© 350 350 3
= | S
© ®
c 300 300 3
o | =N
b [
("] 250 250 o
Q 1 N )
= 200 200 &
150 150
100 100
50 50
0 2000 4000 6000 8000 0 2000 4000 6000
Time, s Time, s
Fig. 6. TPD curves of (A) NH; and (B) CO, of the mixed oxide preparations.
g A < B
1609 1577 1492 1447 o 2257
Mg,,-Si, v : )
450 °C
400 °C
300 °C :
200 °C. ; e
100 °G\_ I\
Mg,.-Si E :
® |asrod" f f
g 400°C ;
o BoC i N
o [Rooce ; A
5 [0 N
o [mg,-Si : 5 :
O |lastoot
< [400°C. : z :
300 °C. % ~
200 °C 5 ~
100 °G.__ A
Mg, -Si, : ?
450 °C.
400 °C —
200°C é Mg, -Siy
L L T L — 71 r T  Tr 1 r I 7
1650 1600 1550 1500 1450 1400 2300 2280 2260 2240 2220 2200 2180
Wavenumber, cm™’ Wavenumber, cm™

Fig. 7. Room-temperature FT-IR spectra of adsorbed (A) pyridine (666 Pa) after 30 min successive evacuation of the sample at the indicated temperatures and (B) CDCl;
(933 Pa) in presence of adsorptive gas in the cell. Before the adsorption each pellet was activated at 450 °C for 1 h.



B. Szabé, G. Novoddrszki, E. Lényi et al.

Journal of Molecular Structure 1259 (2022) 132764

100 + IA T T Conversion T = 100 A IB T T T T T T =
Butadiene
90 - —w— Acetaldehyde 90 + 7
—&— DiethylEther
80 —&— Ethylene 4 80 |
—— Butanol
X 70 —e— Butenes 1 704 4
2
2z
. 60 - 60 E
@
©
® 50 50 E
c
2
» 404 40
[
£
o 30 30
o
20 - 20
10+ 10 -
0 - 0 |

300 325 350 375 400 425 450 475

Temperature, °C

300 325 350 375 400 425 450 475
Temperature, °C

100 100
90 - 90 -
80 - 80-

= 704 70

2

>

£ 60- 60 -

2

% 50 50

3

B 40 40-

g

c

S 304 30

(&)
20 20-
104 104
0- 0-

300 325 350 375 400 425 450 475

Temperature, °C

300 325 350 375 400 425 450 475

Temperature, °C

Fig. 8. Catalytic conversion of ethanol/He mixture at atmospheric pressure as function of reaction temperature over (A) Mg -Si, (B) Mg-Siy, (C) Mgy-SiL, (D) Mgy-Siy
catalysts using flow-through microreactor. The WHSV and the partial pressure of ethanol were 0.5 Zethanoi-cat”'h~! and about 15 kPa, respectively.

amount of the Lewis acid sites was indicated by the amount of
pyridine that could be retained by the catalyst at a given evacu-
ation temperature. The Mgy-Siy catalyst contains more acid sites
than the Mgy-Sip and Mg;-Si; samples, because the Mgy-Siy cat-
alyst retained more pyridine after evacuation at 200 °C than the
other two preparations (Fig. 7A, Table 1). However, when the IR
peak area values of the pyridine, retained at different temperatures
were normalized to the peak area obtained after evacuation 100 °C,
it was found that the strength of the acid sites of the Mgy-Siy,
Mgy-Sip and Mg, Si; samples was nearly the same. This is in ac-
cordance with the results of the NH3-TPD examinations (Fig. SI4).
It can also be observed that the Mg;-Siy sample having low SSA

contains significantly less acidic sites than the other three samples.
Since this sample bound very small amounts of pyridine already
even at 100 °C, normalization probably erroneously indicates that
this catalyst would contains the strongest acid sites.

Regarding the basicity of the mixed oxide catalysts, it can be
concluded that the catalysts, having Mgy as magnesia component,
contain sites of stronger basicity then the catalysts containing Mg; .
In a previous work [9] we have shown that the vcp frequency
CDCl3 molecules were shifted from 2260 cm~! to lower wavenum-
bers if the molecule was in interaction with basic surface sites. The
band displacement reflects the strength of interaction and, thereby,
the base strength of the adsorbing surface sites. The integrated
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band area gives an approximate measure of the amount of adsorp-
tion sites. The peaks resolved at 2257 cm~! and at 2230 cm™!,
were assigned to CDCls, bound to surface sites having weak or by
medium base strength, respectively. (Fig. 7B, and Table 1).

It was also observed that the CO,-TPD measurements could
not differentiate the basicity of the Mg; -Si;, Mgy-Si; and Mgy-Siy
samples, as all three showed adsorbed amounts between 32 and
35 umol/g (Fig. 6B, Table 1). In general, the use of MgO, having
high-SSA in WK procedure favors the formation of Mg-O-Si bonds
and thus the formation of moderately strong basic and acidic sites.

3.4. Catalytic ETB reactions

Fig. 8 shows the activity of the Mg0-SiO, mixed oxide cata-
lysts in ETB reaction in the temperature range of 300-475 °C. At
reaction temperatures between 300 and 400 °C more than 95%
of the carbon fed in the reactor appears in the products, which
were measured quantitatively. At higher temperatures (and conver-
sions) the calculated balance gradually declined to about 90% due
to appearance of minor products, such as hexadienes, hexatrienes,
higher polyolefins, aromatics, hexanols, and octanols, which were
neglected in the balance calculation. (Fig. SI5). Over catalysts, con-
taining high surface area MgO (Figs. 8, C and D) BD was formed
with higher selectivity compared to the BD selectivity of catalysts,
containing low surface area MgO (Figs. 8, A and B). The Mg;-Si,
catalyst showed the lowest BD selectivity, that varies near to 25%
above 325 °C. The low BD selectivity is coupled with a high de-
hydration activity. The summarized selectivity of ethylene and di-
ethyl ether is close to 70% at temperatures above 350 °C. The Mgy-
Sip, catalyst shows virtually constant BD selectivity of 35-40% in
the whole range of applied reaction temperature (Fig. 8B). The de-
hydration activity of this sample is lower than that obtained for
catalyst Mg, -Si;, and is similar to the other two catalysts. It can
also be observed that significantly lower conversion and higher ac-
etaldehyde selectivity were found on this Mgy-Si; catalyst. Sam-
ples Mgy-Si, and Mgy-Siy show very similar catalytic behavior, but

the BD selectivity of the Mgy-Siy catalyst is about 5 to 10% higher
at each temperature and reaches 55-65% in temperature range of
350-400 °C.

Comparing the effect of space-time on the ETB activity of Mg -
Sip and Mgy-Siy catalysts at 350 and 400 °C (Fig. 9) it can be con-
cluded that significantly higher BD yields were achieved on cata-
lysts which are composed from high-SSA components. When the
space-time was increased the ethanol conversion and the yields
of main products (BD, ethylene, diethyl ether) increased. Over the
Mgy-Siy catalyst about 25 and 35% BD yields were achieved at 350
and 400 °C, respectively. The higher residence time of the reactant
favors the formation of ethylene, however over Mgy-Siy sample at
350 °C the yield of the BD was higher than that of the ethylene in
the whole applied space time range (Fig. 9B). The space time de-
pendence of ETB activity was determined for all the four studied
mixed oxide catalysts. The conversion curves are given as Support-
ing Information. (Figs. SI6 and SI7). The catalyst selectivities were
compared at two temperatures and ethanol conversions (350 °, 10%
and 400 °C, 40%) (Fig. 10). The four catalyst preparations have dif-
ferent SSA and, because of the differences in the surface composi-
tion and structure, different adsorption and catalytic properties. In
other words, besides the temperature, the reaction rates and the
steady-state conversions are determined by the intrinsic rate con-
stants (k) of the proceeding reactions, the adsorption equilibrium
constants (K) of the reactants and products, a wall as, the num-
ber of active sites of each reaction, which latter is most related to
the SSA of the catalysts. The weight hourly space velocity (WHSV)
has to be adjusted to compensate the variance of these factors and
to get about the same conversion over each catalyst. The catalytic
selectivities are sensitive to the structure and composition of the
surface of the catalysts. At the same conversion the higher selec-
tivity of a product means also that it is obtained also with a higher
yield. Nevertheless, from practical point of view the catalyst should
be compared not the by the BD yield but by the BD productivity, i.
e., by the arithmetical product of the yield and the WHSV. It is no
surprise that at both reaction temperatures those magnesia-silica
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catalysts were the most BD productive that contained Mgy. The
catalysts, containing Mg; are much lower BD productivity regard-
less of the BD selectivity and the nature of the silica component.
The ethylene selectivity was higher at higher temperature. It could
increase only on the expense of the selectivity of other products.
The decrease of acetaldehyde selectivity is the most pronounced,
indicating that the temperature sensitivity of the ethanol dehydra-
tion to ethylene is higher than that of ethanol dehydrogenation
to acetaldehyde. The suppressed production of acetaldehyde is the
most probable reason of the decreased selectivity of the C4 prod-
ucts, including BD at higher temperature (Fig. 10). The selectivities
and productivities did not show any correlation with the measured
acid-base characteristics of the catalysts (Table 1). Predominantly
the structure and properties of the magnesia component, such as,
specific surface area, and the reaction temperature direct the ETB
reaction over the magnesia and the properties of the silica compo-
nent has only secondary importance.

Analyzing the effect of the acidity/basicity of the catalysts on
the catalytic activity, it can be concluded that the samples con-
taining more acid/base pair sites of medium strength show higher
BD selectivity. The relatively stronger basicity can be linked to the
presence of high SSA MgO, which favors the coupling reaction,
while the moderately strong acid sites, stemming from Mg-O-Si
bonds, promote the selective dehydration of crotyl alcohol to BD,
and suppresses the undesired formation of ethylene and diethyl
ether. The development of favorable catalytic properties can be ex-
plained by the fact that the MgO prepared by use of a carbon tem-
plate is more reactive in the WK process and more Mg-0-Si bonds
are formed. In addition, the sample made of MgO with a high spe-
cific surface area is itself more active in the coupling reactions and
retains some of this property after the WK process. It can also be
concluded that higher BD selectivities can be achieved with any
WHK-prepared magnesia-silica mixed oxide catalysts, regardless of
the SSA of the applied MgO component, if the silica component
has higher SSA.

4. Conclusions

In this study four MgO-SiO, catalysts were prepared by the wet
kneading (WK) method using high and low specific surface area

10

(SSA) oxides as starting materials. The mixed oxides were charac-
terized and used in the catalytic conversion of ethanol to butadi-
ene. Low and high-SSA MgO were prepared by thermal decomposi-
tion of Mg(NO3),-6H,0. The high-SSA MgO was obtained by apply-
ing the mesoporous carbon assisted hard templating method. The
lower and higher-SSA silica materials were silica aerogel and SBA-
15 material, respectively. The morphological studies showed that
WK led to structural degradation of the parent oxide components.
The pore structure of the SBA-15 material was fully destroyed dur-
ing WK with low-SSA MgO, whereas its WK with high-SSA MgO
resulted only in partial pore clogging and some broadening rela-
tive to the original pore size distribution of the SBA-15 material.
The pore size distribution of the mixed oxides, containing silica
aerogel slightly broadened but the samples virtually retained all
the textural characteristics of the parent SiO,. The XRD patterns of
the mixed oxide samples show fragmentation of the MgO particles
and formation of Mg-0-Si bonds. The XPS and EDX results showed
that the surface Mg content of the mixed oxide samples made from
low-SSA MgO was higher than that of the bulk phase, while that
of the samples made of high-SSA MgO was lower. This suggests
that MgO made with the help of a carbon template is more reac-
tive in the WK process than the material produced by thermal de-
composition of Mg-nitrate. FT-IR and TPD measurements showed
that the mixed oxide samples, prepared using high-SSA MgO con-
tain a higher amount of acid sites and medium strength base sites
than the samples made from low-SSA MgO. These findings suggest
that the interaction of silica and magnesia promotes the formation
of more Mg-0-Si bonds if the magnesia has higher SSA. The high-
SSA magnesia in the mixed oxide catalysts has high activity in the
acetaldehyde and ethanol-acetaldehyde coupling. Under compara-
ble reaction conditions the mixed oxide catalysts, containing high-
SSA MgO, always showed higher butadiene (BD) selectivities than
those containing low-SSA MgO. The highest BD yield was reached
at 425 °C with 75% ethanol conversion and 50% BD selectivity.
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