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Abstract

Mesoporous MgO-SiO2 catalysts were prepared to investigate the one-step conversion of
ethanol to 1,3-butadiene. The impregnated and wet-kneaded SBA-15 samples were compared to
one-pot synthesized materials. In one-pot synthesis magnesium-methoxide and magnesium-
ethoxide was introduced into the synthesis gel of SBA-15. Effect of InOs as a new
dehydrogenation promoter in MgO-SiO2 systems is tested. Results of TEM and N2 physisorption
measurements showed that in impregnated and wet-kneaded samples the original pore structure
of SBA-15 is partially destructed by introducing of magnesia. The one-pot synthesized samples
are mesoporous, but magnesium-alkoxides hindered the formation of the SBA-15 structure. XRD
measurements confirm the formation of Mg-O-Si bonds in wet-kneaded and one-pot synthesized
samples. Wet impregnation of In2O3 on the MgO-SiO2 preparations rearranged the morphology
of the samples characteristic for inorganic oxide gels with pore system made up of
interconnected network of pores of different size and shape. The CO2 and NHsz TPD
measurements show that the formation of Mg-O-Si bonds results in an increased acidity/basicity
of the samples. Addition of In2Os causes a further enhancement of these properties. The best
catalytic results over sole MgO-SiO2 catalysts were achieved over wet-kneaded and magnesium-
methoxide based samples at 400-425 °C with 15 % butadiene yield. Doping of In203

significantly improved the catalytic activity of the samples by increasing of acetaldehyde
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formation rate and suppression of dehydration reactions of ethanol. Over In2O3 containing

catalysts butadiene yields above 40% were achieved.
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1. Introduction

1,3-Butadiene (BD) is the most important conjugated diene. It is used as a monomer
block for a synthesis of poly-butadiene or as a building block for a different heteropolymers such
as  styrene-butadiene-rubber,  styrene-butadiene latex, acrylonitrile-butadiene-styrene  resin,
adiponitrile, nitrile rubber and polychloroprene [1]. Currently, BD mainly is produced from
naphtha steam crackers as by-product of ethylene production. The lightening of the feedstock
such as use of shale gas for ethylene production lead to butadiene shortage and rise in prices [2]1.
An alternative way for synthesis of butadiene is the catalytic coupling of ethanol to butadiene.
Ethanol is one of the most abundant renewable raw materials. Its annual production rapidly
grows which results in a price reduction [3]. The fundamentals of ethanol to butadiene (ETB)
process were elaborated by Lebedev (one step synthesis) [4] and Ostromislenky (two step
sytnhesis) [5] in first half of the previous century. In one-step process only ethanol is introduced
into reactor, while in two step process first the ethanol is dehydrogenated to acetaldehyde, then
the mixture of acetaldehyde and ethanol is fed into the reactor. The ETB reaction starts with
dehydrogenation of ethanol to acetaldehyde, followed by condensation of two acetaldehyde
molecules to vyield crotonaldehyde, which is then hydrogenated by another ethanol molecule
(Meerwein—Ponndorf-Verley (MPV) reduction) to form crotyl alcohol, which in final step
dehydrates to butadiene. Of all the supports tested MgO-SiO2 showed the best catalytic activities

in ethanol to butadiene reaction [6,7,16-20,8-15]. Since ethanol dehydrogenation to



acetaldehyde is the rate determining step in consecutive reaction chain different metals/metal-
oxides such as Zn, Zr, Cu, Au, and Ga were added to the MgO-SiO2 support in order to promote
this step. The detailed studies disclosed that the catalytic activity strongly depends on synthesis
method. For the synthesis of the MgO-SiO2 supports different methods are reported: (i)
mechanical mixing of components (i) coprecipitation (iii) wet kneading (iv) incipient wetness
impregnation. However, there is no agreement in literature about most efficient preparation
method. The ETB reaction demands an appropriate balance of basic and acidic sites. In MgO-
SiO2 systems the role of magnesia component is to provide basic sites, while acidic sites rise due
to charge imbalance along Mg—-O-Si bonds. The number and strength of basic sites depends on
the dispersity of the magnesia, while the acidity of the mixed oxide is linked to the number and
nature of Mg—O-Si bonds. It is also shown that the butadiene yield depends on the specific
surface area [18], crystal size/shape [21,22] and pore diameter of the MgO-SiO2 support [23,24].

The mesoporous materials have several advantages compared to micro or non-porous
materials. Inside of mesopores the mass and heat transport is more efficient, and it facilitates the
high dispersion of the metal/metal-oxide promoters. However, the lack of the acidic/basic sites
on the ordered mesoporous silicas raises difficulties in their application in catalysis. Two
techniques were developed for the synthesis of mesoporous basic materials: (i) in two-step
method the mesoporous framework is synthesized first, followed by ion-exchange, impregnation,
microwave irradiation or anchoring of the basic guest (i) in one-pot synthesis the precursors of
mesoporous host and basic guest are loaded together to synthesis gel.

In order to exploit the benefits of mesoporous supports Chae et al. [21] used Ta20s
supported on different ordered mesoporous silica (SBA-15, KIT-6, MMS) in the transformation

of ethanol/acetaldehyde mixture to BD. They found that the mesoporous catalysts show better



coke tolerance and catalytic longevity as well as catalytic activity than conventional silica based
catalysts. Klein and Palkovits [24] investigated the catalytic effect of ZnO supported on
mesoporous zeolites (BEA and LTA) in ETB reaction and observed that the by building of
mesopores into the structure the catalytic activity drastically improves. Fujita et al. [25] used Mg
incorporated MCM-41 catalysts for the aldol condensation reaction of 4-nitrobenzaldehyde and
acetone and report the positive effect of large surface area and pore volume with regard to
catalytic activity. Pomalaza et al. [26] synthesized ZnTa/TUD-1 mesoporous silica catalyst in
ETB reaction and achieved significantly better yields compared to ZnTa supported on
dealuminated BEA and fumed silca (69 % vs 57 and 45%, respectively).

To our knowledge the mesoporous MgO-SiO2 materials have not been tested yet in ETB
reaction. In literature different methods are described for synthesis of Mg-containing mesoporous
silicas. Commonly, the mesoporous silica is synthesized first, followed by impregnation of
Mg(NOs)2 [27] or Mg(CH3COO). [28]. Zukal et al. [29] elaborated a modified impregnation
method to avoid the destruction of silica support. In this method first step is the precipitation of
magnesium acetate on the silica surface followed by in situ chemical conversion of magnesium
acetate with oxalic acid to magnesium oxalate, while final magnesium oxide was formed by
calcination. Another technique rests on the manual grinding of the magnesium salt with as-
prepared mesoporous silica at room temperature, followed by calcination to remove structure
directing agent (SDA) [30]. The basicity of the magnesia (catalyst) can be further enhanced by
alkali salts, such as KNO3z [31]. In one-pot methods the magnesia is in-situ coated into the
mesoporous silica network, i e. the silica and magnesia sources (magnesium nitrate or
magnesium acetate) and SDA are added simultaneously to the synthesis mixture [31-36]. In that

way the magnesia can be built into the silica frame in high dispersion. However, Konya et al



[33] demonstrated that during the synthesis of SBA-15 in presence of different metal salts the
fully washed samples were white and free of metal ions. It is also shown that both anions and
cations have an effect on the mesostructure of the SBA-15. Wang et al. [34] found that effect of
anion follows the lyotropic series NOs= < CF < CH3COO-. The MgO/mesoporous silica
preparations were used as adsorbents for CO2 [29,35] and curcumin [28] or as catalyst in a
selective oxidation [27], transesterification [30] and COz reforming of methane [36].

This work deals with the synthesis of different MgO/SBA-15 catalysts: (i) impregnated,
(i) wet kneaded, one-pot synthesized with magnesium-ethoxide (iii) or magnesium-methoxide
(iv). The MgO/SBA-15 preparations were characterized by means of Inductively coupled plasma
- optical emission spectrometry (ICP-OES), X-ray Diffraction (XRD), N2 physisorption,
Transmission Electron Microscopy (TEM). The basicity and acidity of the samples was
determined by CO2 and NH3z TPD measurements, respectively. The catalysts were tested in direct
conversion of ethanol to butadiene. The promoting effect of InoOs in ETB reaction is also

discussed.

2. Experimental section

2.1. Preparation of catalysts

For the synthesis of the impregnated (IMP) and wet-kneaded (WK) MgO/SBA-15
samples the SBA-15 provided be Nanjing XFNANO Materials Tech Co., Ltd, China was used.
The impregnation was executed by adding of Mg(NO3)2:6H20 (Sigma-Aldrich, 99 %) solution

(27.27 g / 200 ml distilled water) to 10.00 g of dried SBA-15 (120 °C, 2h). The water was



removed under continuous stirring at 70 °C, and then the sample was dried at 120 °C overnight
and calcined in air at 500 °C for 5h. In the first step of the wet kneading process Mg(OH)2 was
precipitated by adding of Mg(NO3)2-6H20 solution to NaOH solution at pH=12 maintained with
2 M NaOH. The precipitation was aged in mother-lye for 24 h, followed by washing to remove
sodium and drying at 120 °C overnight. The wet kneading was carried out by mixing of 2.15 g of
Mg(OH)2 and 5.00 g of dried SBA-15 in 100 ml of distilled water for 5 h at room temperature.
The suspension was centrifuged, dried at 120 °C overnight and calcined in air at 500 °C for 5h.
The one-pot synthesis with magnesium ethoxide (OPET) was performed as follows: 16 g of the
template for SBA-15 synthesis (Pluronic P-123, Aldrich) was dissolved in 600 ml of 0.03 M HCI
soulution with stirring at room temperature for 2 h. The second mixture was produced by mixing
of 37 ml TEOS (Tetraethyl orthosilicate, Aldrich, 98%) 8.20 g of magnesium ethoxide (Aldrich,
98%) in 250 ml of methanol. Thereafter, the second mixture was dropwise added to vigorously
stirred Pluronic P-123 solution at room temperature. After the stirring for further 24 h at 40 °C
the mixture was transferred into a Teflon lined autoclave and treated for a 24 h at 100 °C. The
solid sample was washed with distilled water until the supernatant was free of chloride. The
product was dried overnight at 120 °C, and the template was removed by calcination step in air at
heating rate of 1 °C/min to 500 °C and keeping at this temperature owvernight. The one-pot
synthesis with magnesium-methoxide (OPMET) was executed according to the following
procedure: 16 g of Pluronic P-123 was dissolved in 600 ml of 0.03 M HCI soulution with stirring
at room temperature for 2 h. Then 37 ml of TEOS was added to solution and the mixture was
stirred for 24 h at room temperature. In next step 155 ml of magnesium-methoxide solution (7-
8% in methanol, Alfa Aesar) dropwise is added to the pre-hydrolyzed TEOS solution. The

gelation of the sol immediately started. The viscous gel was stirred for further 30 min and after



was transferred into a Teflon lined autoclave. The procedure was finished as described above for
OPET sample. The In2O3 doped catalysts were prepared by impregnating the supports applying ~
33 mM/dm?® solution In(NO3z)3-xH20 (Alfa Aesar 99.99 %, metals basis) in an amount needed to
get catalysts of about 2, 5 or 10 wt% metal-oxide content. In order to get an appropriate metal
concentration for the aliquots the crystal water content of the nitrate salt was determined by
thermogravimetric measurements. The number before the abbreviation of the catalysts name
denotes the InO3 content of the sample in wt-%, i. e. 5IMP means 5 wt% In2O3 impregnated on

the surface of the impregnated sample.

2.2. Characterization

The elemental composition of the samples was determined by means of ICP-OES
measurements performed with a simultaneous plasma emission spectrometer with axial plasma
observation (Spectro Genesis).

X-ray patterns were recorded by Philips PW 1810/3710 diffractometer applying
monochromatized CuKa (A=0.15418 nm) radiation (40 kV, 35 mA) and proportional counter.
The patterns recorded at ambient and data were collected between 3° and 75° 20, by 0.02° steps
for 0.5 s. The low-angle XRD measurements were executed on Philips X’Pert MPD system by
using 20-o scan method between 0.6-3 20, by 0.002 steps for 10 s.

Nitrogen physisorption measurements were carried out at 77 K using Thermo Scienctific
Surfer automatic, volumetric adsorption analyzer. Before adsorption analysis, samples were

outgassed under vacuum for 2 h at 523 K.



Sample morphology was studied by an FEI Tecnai G2 20 X Twin transmission electron
microscope (TEM) at a 200 kV accelerating voltage. Samples were drop-cast onto a copper
mounted holey carbon film from distilled water suspension.

Temperature-programmed desorption measurements were carried out by CO2 and NH3 using
a flow-through microreactor (I.D. 4 mm) made of quartz. About 100 mg of catalyst sample
(particle size: 0.315-0.65 mm) was placed nto the microreactor and was pre-treated in a 30
cm’/min flow of Oz at 500 °C for 1 h, then flushed by N2 (30 ¢cm’/min) at same temperature for
15 minutes. The pre-treated sample was evacuated at 500 °C, cooled to room temperature and
contacted with ~13 kPa of NH3; or CO:. After 15 mmutes the physisorbed molecules were
removed by evacuation. Then the reactor temperature was ramped up in He flow (20 cm3/min) at
a rate of 10 °C/min to 500 °C and held at this temperature for 1 h, while the effluent gas was
passed through a dry ice/acetone trap and a thermal conductivity detector (TCD). Data were
collected and processed by computer. Calculation of the adsorbed amount of NH3 or CO:2 is
based on the peak arecas. The calibration values were determined with the passing of the known

amount of NH3 or CO2 through the TCD detector.

2.3 Catalytic activity measurements

Catalytic test reactions were carried out at atmospheric pressure in a fixed-bed,
continuous flow glass tube (P=10 mm) microreactor. Prior to the reaction the catalysts were
activated in oxygen flow (20 ml/min) for 1 h at 450 °C. In the reaction 1 g of sample (particle
size¢ 0.315-0.65 mm) was tested. The ethanol was transferred to evaporating zone heated to

120°C by using Gilson 307 HPLC Piston Pump and flushed into reactor with helum. The molar



composition of the feed was 14.7 % ethanol/He. The effect of reaction temperature was
examined at total flow rate of 30 ml/min (0.5 gethanol'Zeat™'-h"). The effect of weight hourly space
velocity (WHSW) was measured by using 14.7 % ethanol/He feed in range of 5-120 cm?® min! at
350 °C. All gas lines of the apparatus were heated to 120 °C in order to avoid the condensation
of ethanol and reaction products. The reaction products were analyzed by on-line Shimadzu GC-
2010 gas chromatograph equipped with a two FID detectors. A Chrompack PLOT Fused Silica
column with ALO3/KCl stationary phase (50 m long, 0.32 mm diameter) was used for an
analysis of hydrocarbon products and a HP-PLOT-U column (30 m long, 0.32 mm diameter) was
used for an analysis of oxygenates. The calibration of the GC for a reactant and each product was
carried out separately. The conversion of ethanol was calculated from the ethanol concentration
of the feed and the reactor effluent. The selectivities were calculated from the carbon atom

content of the products. The carbon balance accuracies were usually better than 95%.

3. Results

The XRD patterns of the MgO-SiO2 samples are shown on Fig 1. All the samples exhibit
a broad diffraction line around 2@ = 23° which can be attribute to the amorphous silica network
of the samples. On the XRD pattern of the IMP sample no additional lines can be observed. This
suggests that the dispersion of the MgO over SBA-15 support is high and cause that the
magnesia particles are XRD amorphous. On the XRD patterns of one-pot synthesized samples
two additional lines can be observed at 20 = 35.14° and 60.62° positions. According to literature
these lines prove the formation of Mg-O-Si bonds and are interpreted as magnesia-silica hydrates

[15] or chrysotile [37]. However, on the diffractograms the (0OI) indexed lines are lacking and



the observed broad lines with great uncertainty can be attributed to talc structure disordered in
direction c. As the WK sample was prepared by the mechanical mixing of SBA-15 and Mg(OH):
the XRD lines of MgO appear on the diffractogram of the calcined sample at 20 = 42.92° and
62.04° positions. At the same time the line at 2@ = 35.52° and shoulder at 20 = 60.62° proves
that during the wet kneading and calcination process the Mg-O-Si bonds are formed in this
sample, too. On XRD pattern of the 100PMET no lines of the InoO3 can be observed. At lower
In2O3 contents the same results were found (not shown) proving that no crystalline india was
formed on the samples. Fig 1B shows the small-angle XRD patterns of the neat MgO-SiO2
samples. Only the IMP and WK samples show XRD diffraction patterns characteristic to the
two-dimensional hexagonal pore ordering of SBA-15 materials. On the XRD patterns of OPET,
OPMET and In2O3-impregnated samples (not shown) no diffraction lines can be detected in low-
angle region.

Fig. 2A shows the N2 adsorption-desorption isotherms of the neat samples. According to
the IUPAC classification [38] the isotherms of parent SBA-15 and IMP samples are of Type 1V,
the OPET and OMET are of Type Il, while the isotherm of WK is the combination of the Type Il
and IV isotherms. Hysteresis loops can be observed on each isotherm indicating the capillary
condensation in mesopore structures. Only the parent SBA-15 show steep condensation step on
both adsorption and desorption branches characteristic for H1 type hysteresis loops stem from
fairly regular array and narrow pore distribution of the mesopores. In case of IMP and WK
samples the hysteresis loop is somewhat distorted compared to that of on pure SBA-15,
indicating that the introduction of magnesia mechanically and/or chemically shatter the initial
pore system. On the isotherm of WK sample the hysteresis loop does not close above p/po>0.9

due to the mesopores formed by agglomeration of MgO particles. The hysteresis loop on



isotherm of OPET sample is most similar to H3 type which is often given by the aggregates of
platy particles [39]. OPMET sample exhibits H2 type hysteresis loop which is characteristic for
inorganic oxide gels with pore system made up of interconnected network of pores of different
size and shape [39]. The N2 adsorption-desorption isotherms of the india impregnated samples
are shown on Fig. 2B. It can be observed that the mesopore structures of IMP and WK samples
are altered to H2 type indicating that during the evaporation of indium-nitrate solution the well-
ordered SBA-15 structure suffered the further destruction. The formation of the new structure in
case of IMP and WK samples led to increased surface area (Table 1). The data evaluated from
ICP-OES and N2 adsorption measurements are collected in Table 1. Except of OPET sample the
m/m ratio of the samples is ~1/1. It can be noticed that the SSA of IMP and WK samples
decreased compared to parent SBA-15. However, after the wet-impregnation with In(NOs3)s
solution the SSA of the samples increased cause the structure rearrangement of the samples. The
SSA of the one-pot synthesized samples are higher than that of the WK samples, and it decreases
with about 25-30 % after the In2Os impregnation step. The pore volume of parent SBA-15
material drops from 1.20 cm3/g to 0.90 and 051 in case of WK and IMP samples respectively,
indicating that impregnation partially clogs the pores of the SBA-15. At the same time the
maximum of pore diameters is practically unchanged suggesting that part of the channels remain
intact. The impregnation with indium salt results in a further decrease in pore volumes and pore
diameters, too. The high pore volume and pore diameter data for OPET and 50PET are derived
from the volume formed between the MgO-SiO: particles

Textural properties of the samples were determined by means of TEM measurements
(Fig. 3). The obtained results are in harmony with the above described XRD and N2

physisorption results. The partially damaged SBA-15 structure can be observed on the images of



IMP and WK samples, whie OPMET and OPET samples show an image characteristic for
inorganic oxides/mixed oxides. On the images of the india doped samples except of 5IMP
sample no regular channels are present. Furthermore, In.Os crystallites cannot be observed on the
images of the india containing samples. (The images of parent SBA-15 and of the catalysts
samples in different magnifications are shown in Supporting Information, F1.)

Results of ETB reaction over pure MgO-SiO2 preparations are shown on Fig. 4. The
conversion curves run almost identical in case of each catalyst. The main reaction products are
formed in dehydration reactions, namely diethyl ether (DEE) at lower (exothermic reaction) and
ethylene (EE) at higher temperatures (endothermic reaction). The best BD selectivities were
achieved over WK sample (20-30 %) throughout the whole investigated temperature range. Over
other catalysts except of at low temperatures (and low conversions) the BD selectivity was
around 10%. Small amounts of acetaldehyde and butene isomers (1-5% selectivity level) were
also identified amongst the product molecules, while the crotyl alcohol and crotonaldehyde was
present only in traces. As Fig. 5. shows the addition of 5wit% of In2O3 remarkably enhances the
BD selectivities and ethanol conversions over all of the MgO-SiO2 supports. It can be observed
that at low temperatures the enhanced BD selectivities are linked with the suppression of the
diethyl ether and ethylene formation. However, at higher temperatures the BD selectivities
decrease induced by enhanced ethylene formation. The addition of In.O3 also increases the
selectivities of acetaldehyde, butanol and butenes compared to sole MgO-SiO2 supports. The
effect of the In2O3 loading on the ETB reaction over OPMET support is shown on Fig. 6. It
should be emphasized that over 5% In.O3/OPMET catalyst the ethylene selectivity reach only
20% even at the higher examined reaction temperature and the higher BD yields are achieved

over this preparation. Besides enhanced BD selectivities it can be also noticed that the



acetaldehyde vyields are the highest amongst investigated catalysts. At highest In2O3 loading the
further increase of the acetaldehyde selectivities in expense of butadiene yields can be observed.
The stability test at 375 °C over 5OPMET catalyst (Fig 6D) shows that after 10 hours the
conversion falls from the starting 52 to 39 % , and after 25 h stabilizes at 30%, while the BD
selectivity drops from 56 to 47 % followed by increasing of acetaldehyde selectivity from
starting 17 to 25 %.

The acidity and basicity of the samples were characterized by the NHz and CO:
adsorption capacity of the samples. Results of the NH3 and CO2 TPD measurements are collected
in Table 2. Fig. 7 shows the effect of acidic and basic properties of the neat and In.O3
impregnated samples on the catalytic activity of the samples in ETB reaction at the same
conversion levels. The identical conversions were achieved by varying of space wvelocity at
350°C and 14.7 % ethanol/He concentration. In case of neat samples the highest BD selectivity
at 25 % conversion level was achieved over WK sample (Fig. 7A). The other samples possess
higher or almost equal concentration of the acidic sites, indicated by higher NH3 adsorption
capacity. However, the basicity of other three samples is significantly lower compared to WK
sample. The low concentration of basic sites combined with high concentration of acidic sites
results in a high dehydration activity, thus higher ethylene + diethyl ether selectivities at the
expense of BD formation. Addition of 5 wt% ImOs to the MgO-SiO2 preparations except of
SIMP sample complanate the NH3 and CO2 adsorption capacity of the samples (Fig. 7 B and C,
30 and 65 % conversion of ethanol, respectively). A somewhat higher acidity and lower basicity
of the SIMP sample led to lower BD and higher ethylene + diethyl ether selectivities. It can be
also noticed that after india doping the best BD selectivitics were achieved over one-pot

synthesized samples. As the In2O3 promotes the dehydrogenation of ethanol, the acetaldehyde



selectivities are also higher over doped samples, especially at lower conversion level (ie. at
lower residence time), when the contact time of formed acetaldehyde was not enough to take part
mn condensation reactions. However, the enhanced acetaldehyde formation facilitates the
coupling step (and suppresses dehydration reactions) and thus the yield of butenes and Cgq

oxygenates also increases over india doped samples.

4. Discussion

The heterogeneity/homogeneity of MgO/SiO2 systems has a decisive role on the
butadiene yields in ETB reaction. There is a contradiction in literature whether the inorganic
magnesium salts (nitrate, acetate) are incorporated into the silica framework of the SBA-15
during one-pot synthesis. In publications which claim that the incorporation of the magnesium is
possible the washing step is neglected [32,36]. At the same time the product contains chloride
jons in non-negligible amount originating from hydrochloric acid used for synthesis [32]. The
produced MgO/SBA-15 show the features like pure SBA-15 i.e. sharp peaks on low-angle XRD
pattern and highly ordered mesoporous structure on TEM images. Wu et al. [31] state that by
using this synthesis method the magnesium species are decorated on the surface of SBA-15 and
this species convert to smooth MgOx layer during the calcination step. Formation of small
amount of Mg-O-Si bonds is also possible by interaction of magnesium species with silanol
groups of SBA-15. The threshold of MgO dispersion with this method is around 30 wt.-% [32].
In present article the one-pot sol-gel synthesis was executed by using magnesium-alkoxides. The
difficulty of this synthesis method lies in the different hydrolysis rates of the TEOS and
magnesium-alkoxides. Moreover the magnesium-ethoxide is not soluble in TEOS, so it must be

dissolved in methanol before to adding to synthesis gel. The XRD patterns on Fig 1. show that



the faster hydrolysis of magnesium-alkoxides did not result in the formation of separate MgO
particles, besides amorphous silica the presence of magnesium-silicates can be observed.
Another advantage of sol-gel synthesis besides of great homogeneity is the possibility to achieve
high SSA. As Table 1. shows the SSA of OPMET and OPET samples are 486 and 594 m2/g,
respectively, and are in the same range as it is published for samples prepared by using inorganic
magnesium salts (400-600 n¥/g). On the basis of nitrogen adsorption isotherms and TEM images
it can be concluded that the OPMET and OPET samples are mesoporous but have no SBA-15
structure. It may be supposed that the SDA promoted the formation of the mesoporous structure,
but the differences between chemical properties of TEOS and magnesium-alkoxides hindered the
formation of the regular array and narrow pore distribution characteristic to SBA-15. Based on
nitrogen adsorption isotherms and TEM images (Figs 2A and 3), it can be concluded that the
impregnation and wet kneading steps have only partially damaged the original SBA-15 structure
and the SSA of the samples remain considerably high (191 and 356 m2/g for IMP and WK
samples, respecitively) despite to the considerably high MgO content of the samples (~50 wit.-
%). Impregnation of parent MgO-SBA-15 preparations with In(NO3s)s solution resulted in a
structure loss of IMP and WK samples and with structure rearrangement of OPET and OPMET
samples.

Over non-doped MgO-SiO2 catalysts the higher butadiene selectivities were achieved
over WK sample. The XRD pattern of the sample (Fig 1.) show that the wet kneading results in
material consisting of MgO and SiO2 islands linked by Mg-O-Si bonds. On the other samples the
magnesium is well dispersed in SiO2 framework or is a part of Mg-O-Si linkages. The data in

Table 2 and lines on Fig, 7A prove that the separated MgO phase enhances the CO2 adsorption



capacity of the catalysts, while on the other hand the Mg-O-Si bonds (which are not present in
IMP sample) are responsible for higher NH3 adsorption capacity, i.e. higher acidity.

As it is discussed in Introduction Section addition of metals/metal-oxides to catalyst
enhances conversion as well as selectivity for butadiene by promoting dehydrogenation of
ethanol to acetaldehyde. The results presented on Figs 5 and 6 fully support this theory. It also
can be concluded from the results that by directing of reaction to the dehydrogenation pathway
the dehydration step is suppressed and besides of BD the selectivity of other C4 products (mainly
butenes and butanol) also increases slightly. This phenomenon was investigated in details on best
performing catalyst (OPMET, Fig 6.). The results show that by increasing the amount of india,
the selectivity of the products formed in dehydration reactions is gradually reduced. However, it
IS also observed that the selectivity of butadiene over a given indium content (5 wt%) does not
increase further, but instead the selectivity of the acetaldehyde formed during the ethanol
dehydrogenation is growing. The stability study on 5SOPMET catalysts (Fig 6D) also showed that
as the activity of the catalyst decreases, the selectivity of butadiene decreases, while of the
acetaldehyde increases and the other products remain unchanged during 30h.

Angelici et al. [7] stated that “Studies on these dehydrogenation promoters typically
report limited characterization data on both the acid—base and structural properties, making the
explanations for the observed beneficial or detrimental catalytic effects often somewnhat
speculative.” In present study the structure of the catalysts were characterized by XRD and TEM
measurements, while acidic/basic properties of the catalysts were determined by NHs and CO:2
adsorption capacity of the samples. Results presented on Fig. 7 suggests that there is a
correlation between acidic/basic properties and catalytic activity of the samples. However, in a

complex reaction network of ETB reaction, it is not only acidity/basicity that affects the



selectivity of the formation of different products. Fig 7A shows that the selectivity of BD (and of
other C4 products) is the highest over WK sample on which the CO2 adsorption capacity is the
highest and the amount of adsorbed NHz is almost the same or lower than in the other samples.
The lower basicity and higher acidity of samples results in a low BD and high dehydration (i.e.
ethylene and diethyl ether formation) activity. The Fig 2. shows that the structure of the samples
changed significantly after impregnation of indium oxide. The hysteresis loops on the N
adsorption/desorption isotherms suggest that the pore structure of the samples became very
similar after the impregnation and their structure is most similar to inorganic oxide gels with
pore system made up of interconnected network of pores of different size and shape. The
impregnation of the In2O3 increased both NH3z and CO2 adsorption capacity of the samples. It can
be also noticed that over best performing catalysts (SWK, 50PET, 5OPMET) the NHs and CO:
adsorption capacities are very similar, while the 5IMP sample possess higher acidity and lower

basicity what resulted in a lower BD and higher dehydration activity.

5. Conclusions

Four preparation methods were applied to prepare MgO-SiO2 catalysts for one-step
conversion of ethanol to butadiene. Besides common impregnation and wet-kneading the one-pot
synthesis method was used when magnesium-ethoxide or magnesium-ethoxide was introduced
into synthesis gel of SBA-15. The XRD results showed that except of impregnation all the
preparation methods resulted in a formation of Mg-O-Si linkages. The separated MgO phase was
observed only in case of WK sample. All the preparations are mesoporous with rather high

specific surface area (190-590 m?/g), but the presence of magnesium-alkoxides in synthesis gel



hindered the formation of SBA-15 structure. Over neat MgO-SiO2 catalysts 10-30 % butadiene
selectivities were achieved. The main reaction products were diethyl ether at lower and ethylene
at higher temperatures. The addition of 5 wt% In2O3 significantly increased the selectivity of
butadiene in all catalysts tested. The one-pot synthesized catalyst by using magnesium-
methoxide showed 45-60% butadiene selectivity in temperature range of 250-425 °C. The india
loading tests showed that by increasing of india content to 10 wt% the ethylene/diethyl ether
formation can be suppressed below 10% selectivity level. However, the selectivities for
butadiene are also reduced because the increased amount of acetaldehyde formed in the
dehydrogenation reaction is no longer able to completely participate in the coupling reaction to
form C4 products. The comparison of catalytic activity pure MgO-SiO2 catalysts at same
conversion level (25%) showed that the best performing WK sample possesses the higher CO:>
adsorption capacity (highest basicity) while the NH3 adsorption capacity (acidity) of this sample
is almost the same or lower than in the other samples. The impregnation of the samples with
InO3 causes further changes in the structure of the samples. The N2 adsorption/desorption
isotherms suggest that the pore structure of the samples becomes very similar after the
impregnation. The samples with the similar CO2/NHsz adsorption capacities show the almost
same catalytic activity and relatively high CO2 and low NHs adsorption capacity led to the high
butadiene selectivities. Over india-containing samples the higher dehydration activity and lowest

butadiene selectivity was observed on impregnated sample which is more acidic and less basic.
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Figure legends

Figure 1. XRD patterns of MgO-SiO2 samples in normal (A) and small (B) 20 region. Samples
were prepared by impregnation (IMP), wet-kneading (WK), were synthesized using magnesium
ethoxide (OPET), or magnesium methoxide (OPMET) and by impregnation with 10% In2O3
(100PMET)



Figure 2. N2 adsorption-desorption isotherms of the samples. Adsorption and desorption
branches are indicated by full and open symbols, respectively. For the meaning of the sample
designations see the legend of Fig 1.

Figure 3. TEM images of the samples. For the meaning of the sample designations see the legend
of Fig 1.

Figure 4. Catalytic conversion of ethanol over samples prepared by impregnation (IMP), wet-
kneading (WK), and synthesized by using magnesium ethoxide (OPET), or magnesium
methoxide (OPMET). Reaction conditions: T=250-425 °C, WHSW= 0.5 Qethanol-Ocat > I, Qt0t=30
cm?® min'L, Pethanol= ~15 kPa, mcat=1.00 g.

Figure 5. Effect of 5 wt% In2O3 doping on the conversion of ethanol to butadiene over
impregnated (IMP), wet-kneaded (WK) and synthesized by using magnesium ethoxide (OPET).
Reaction conditions: T=250-425 °C, WHSW= 0.5 Qethanol- Geat™* I, Qtot=30 cm? minL, pethanol= ~15
kPa, mcat=1.00 g.

Figure 6. Effect of 2 (A), 5(B) 10 (C) wt% In2O3 over MgO-SiO2 catalyst synthesized by
magnesium methoxide on the activity and selectivity in ethanol to butadiene reaction between
250-425 °C. Stability test on SOPMET catalyst at 350°C for 30 h (D). Reaction conditions:
WHSW= 0.5 gethanol-gcat'l ht, Qtot=30 cmé mint, Pethanol= ~15 kPa, meat=1.00 g

Figure 7. Comparison of the product selectivities of neat (A conv =25%) and 5 wt% In2O3-doped
(B conv=30%, C conv=65%) samples at identical conversion levels. The identical conversions
were achieved by varying of space velocity. T=350 °C, pethanol= ~15 kPa, mcat=1.00 g, Qtot=5-120
cm® mint. The corresponding NHs and CO> adsorption capacities of the samples determined by
TPD measurements are indicated on right Y axes.

Table 1. Characterization of the catalysts

Table 2. Results of CO2 and NHs Temperature Programmed Desorption (TPD) measurements



