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The Lebedev ethanol-to-butadiene process entails a complex chain of reactions that require catalysts to
possess a subtle balance in the number and strength of acidic and basic sites. SiO,-MgO materials can be
excellent Lebedev catalysts if properly prepared, as catalyst performance has been found to depend signifi-
cantly on the synthesis method. To assess the specific requirements for butadiene production in terms of
active sites and to link their presence to the specific preparation method applied, five distinct SiO,-MgO
catalysts, prepared by wet-kneading and co-precipitation methods, were thoroughly characterized. The
amount and strength of the acidic (pyridine-IR and NHz-TPD) and basic (CDClz-IR and CO,-TPD) sites of
the materials as well as the overall acid/base properties in the liquid phase (Hammett indicators) were
determined. The number of acidic and strong basic sites could be correlated with the extent of ethylene
and diethyl ether by-product formation. The best performing catalysts are those containing a small amount
of strong basic sites, combined with an intermediate amount of acidic sites and weak basic ones. These
results thus provide further insight into the relation between the amount and strength of acidic/basic sites,
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Introduction

In 1929, Lebedev discovered that butadiene can be synthe-
sized in a one-pot, one-step process from ethanol."™ The
composition of the catalyst employed by Lebedev was guarded
by patents, but Natta later proposed the Lebedev catalyst to
be a mixture of different amounts of SiO, and MgO.* Various
investigations showed (promoted) SiO,-MgO materials to
indeed be excellent catalysts for the one-step ethanol-to-
butadiene conversion, yet noted a large influence of the prep-
aration method on catalytic performance.’® We also previ-
ously observed that SiO,-MgO catalysts prepared via different
methods gave remarkably different 1,3-butadiene yields and
showed large differences in catalytic performance in general.”
This was attributed to the different structural properties that
result from the preparation method employed, ie wet-
kneading, co-precipitating or physically mixing of the two com-
ponents. The morphological and structural differences
observed for the various catalysts point at differences in the
number, strength and type of the acidic and basic sites that
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preparation method and catalytic performance.

are needed for the Lebedev conversion. Indeed, even though
the actual mechanism of the Lebedev process is still being
discussed, the overall reaction necessitates a (complex) inter-
play between acid- and base-catalyzed elementary steps.
Insight into what is actually required for a good Lebedev cata-
lyst in terms of acidity/basicity and to link these requirements
to the specific preparation method is therefore an important
goal, as such information might also shed further light on
the mechanism at hand. Various mechanisms have been
suggested over the years and these are discussed in detail in
recent reviews.®® For example, Gruver and co-workers
suggested the Lebedev reaction to proceed via a Prins-like
condensation involving acetaldehyde and ethylene, based on
the observation of a linear correlation between butadiene and
ethylene yields."® This mechanism was actually first proposed
by Natta et al and subsequently discarded by the same
authors based on the observation that the addition of up to
20% ethylene in the feed did not increase butadiene yield.* It
can indeed be said that this mechanism is unlikely to operate
as it requires the formation of a primary carbocation in the
process. Of the other suggested mechanistic pathways, the
one based on aldol condensation of two acetaldehyde mole-
cules (Scheme 1, steps 2, 3), followed by crotonaldehyde reduc-
tion (step 4) and finally dehydration (step 5) is currently most
widely accepted."*™ For various catalysts and process condi-
tions, acetaldehyde formation,"* as well as crotonaldehyde
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Scheme 1 The commonly reported aldol condensation route for the
one-step ethanol to butadiene conversion.

formation'™'* and reduction'® have all been suggested to be

rate-limiting for this pathway. Interestingly, for the related
Guerbet reaction, which entails coupling of ethanol to butanol,
an acetaldehyde aldol condensation-based mechanism was also
typically assumed; however, Scalbert et al. recently proposed
direct condensation of two ethanol molecules to be the main
mechanistic pathway to butanol, based on thorough kinetic and
thermodynamic studies.”” It should be noted though that
Guerbet catalysts, such as the hydroxyapatite used and consid-
ered to be purely basic by Scalbert et al., differ from Lebedev
ones, which typically require a more complex combination of
acidity and basicity. That such a combination is required was
further substantiated by Tsuchida et al. who studied ethanol
conversion over a number of hydroxyapatites (with different
Ca/P ratio, thus tuning the amount of basic and acidic sites)
and observed the highest butadiene selectivity (13.8%) for
the catalyst having a ratio of basic to acidic sites close to 1; con-
versely, catalysts with higher basic to acidic site ratios showed
low butadiene selectivity (<1%), yet displayed significantly
increased 1-butanol selectivity.'® Le6n and co-workers also
observed the selectivity to different C4 compounds to depend
on the acid-base properties, in this case of Mg-Al mixed oxides
used for ethanol condensation to a mixture of C4 compounds
that included butadiene. Catalysts containing the strongest basic
sites were more selective towards butanol, while increased acidity
correlated with improved selectivity towards butadiene.”” The
authors later showed that replacement of Al with Fe reduced acidity
significantly, increasing the selectivity towards acetaldehyde and
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Scheme 2 Mechanisms of ethanol conversion. Modified from Ono et a
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1-butanol at the expense of ethylene and butadiene production.’®
These examples clearly show the influence the acid-base dis-
tribution has on the products obtained upon ethanol conver-
sion, possibly even altering the dominant mechanistic route.

Little has been reported, though, on the acid-base properties
of the SiO,-MgO catalysts used typically for the Lebedev process.
Niiyama et al. already concluded that both acidic and basic sites
are required, based on a study of acidity (measured by titration
with Hammett indicators and gravimetric measurements of
adsorbed pyridine) and basicity (by gravimetric measurements
of adsorbed boron trifluoride) of SiO,-MgO catalysts with differ-
ent Si/Mg ratios."® Very recently Janssens et al. reported on the
influence of acidity and basicity of Ag-promoted, dry-milled
Si0,-MgO catalysts on performance in the Lebedev process."
Based on pyridine-IR (acidity), CO,-TPD and CO,-IR (basicity),
they concluded that either weak basic sites or acid-base pair
catalyze the aldol condensation step, while acid sites of dif-
ferent nature were proposed to be involved in steps 3, 4 and
5 of the mechanism depicted in Scheme 1.

Even though limited systematic studies on basicity/acidity
are available for the overall Lebedev process, structure-activity
relations have been reported for the individual steps thought
to be involved in butadiene production. Regardless of the
actual mechanism, the stoichiometry of the process shows
that both dehydrogenation and dehydration must occur for
butadiene generation. First, ethanol can be converted into
three species: dehydration leads to ethylene and diethyl ether
formation, while dehydrogenation yields acetaldehyde
(Scheme 2). The latter process is the first step towards butadi-
ene and is generally considered to be catalyzed, in absence of
redox functionalities, by basic sites in an ElcB-type process
(unimolecular elimination via the conjugate base, Scheme 2)
resulting in heterolytic elimination of H,.'®?**' The mecha-
nism of alcohol dehydration is more controversial. Generally,
dehydration of alcohols occurs over acid sites,”>** but Diez
et al. showed that for isopropanol decomposition over alkali-
promoted MgO samples other sites might also be capable of
this.>" They considered three different routes for propylene
formation, including a purely acid-catalyzed E1 mechanism,
as well as an E2 mechanism that would involve a cooperative

"

5 +
HaC-CHp-COH == HpC5CH, —= HyC=CHp + H,0

H3+ dehydration

2 >
Hzcr))—CHz—OH == H,C~CH,COH
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A, B and B represent acidic, basic and strong basic sites, respectively.
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interaction between acidic and basic sites. Finally, as strongly
basic catalysts such as 1 mol% Cs,0/MgO showed signifi-
cantly increased propylene selectivity,* an E1cB mechanism
different from the one leading to the dehydrogenation prod-
uct acetaldehyde was considered. In this case, a surface alk-
oxide is formed first, after which a strong basic site abstracts
a proton in B-position to the O atom; O elimination finally
yields the alkene. Ledn et al, in turn, ascribed the formation
of ethylene during ethanol conversion over hydrotalcite-based
mixed oxides to either strong basic sites or strong acidic
ones.”® It is worth noting that both the E2 and E1cB mecha-
nisms require cooperative action between acidic and basic sites,
meaning that not only active site number and strength, but also
proximity is key to selective ethanol conversion. Finally, ether
formation also involves cooperative action of acid and basic
sites and is thought to proceed via the same E2 mechanism
proposed for ethylene formation."” It has also been proposed
that (moderate) acid sites alone catalyze the formation of
(diisopropyl) ethers over TiO,, ZrO, and their mixed oxides.>®

The next, productive aldol condensation step of the mech-
anism shown in Scheme 1 is usually reported to be base-cata-
lyzed,”” but cooperativity between acidic and basic sites has
also here been shown to be beneficial. Zeidan and Davis, for
instance, showed this for the cross-aldolization of acetone
and 4-nitrobenzaldehyde by silica functionalized with amines
and acidic functional groups.”® Climent et al. also reported
on the beneficial effect of having both acid and basic sites in
the aldol condensation of benzaldehyde and heptanal.>®

A Meerwein-Ponndorf-Verley (MPV) type reduction of
crotonaldehyde by ethanol is typically assumed for step 4.'>%%3
Sushkevich et al., recently studied the MPV of crotonaldehyde
with ethanol in detail over ZrO,-supported catalysts.*> They
proposed that activity increased with the amount of Lewis
acidic Zr sites, suggesting that these sites are responsible for
hydride transfer. Aramendia et al. also studied MPV of vari-
ous a,B-unsaturated aldehydes (including crotonaldehyde)
over hydrotalcite(-like) catalysts; they proposed that the sub-
strates could interact only when adsorbed on acid-base sites,
while also noting that the best catalyst (MgO/Al,O3) had the
highest amount of basic sites.*

As noted above, little information is available on the acid/
base requirements for the Lebedev reaction. Such studies of
the kind and amount of active sites required for selective
butadiene formation are complicated by: 1. the number
of steps involved, 2. the absence of agreement on the rate-
determining step and 3. the contradictory reports on the
active sites needed for each implicated elementary step.
Correlating the acid-base properties with catalytic perfor-
mance is, nonetheless, essential for the synthesis of catalysts
with improved butadiene selectivity.

We previously showed that different SiO,-MgO prepara-
tion methods (1:1 molar ratio) resulted in significant struc-
tural differences. In particular, TEM analysis showed the
morphology of wet-kneaded catalysts to consist of islands of
MgO together with SiO, spheres thought to be covered by a
(thin) MgO layer; SiO,-MgO co-precipitated catalysts showed

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Ethanol conversion and yields of the main (by-) products for
the six SiO,-MgO samples after 4 h on stream.” Conditions: 0.2 g of
catalyst, reaction temperature of 698 K, ethanol (gas phase) and
nitrogen flow of 2 and 98 mL min™, respectively.

an ill-defined morphology, hinting at the formation of a more
mixed oxide-like material. The structural differences, in turn,
resulted in significant differences in butadiene yield and
product distribution (Fig. 1).” Si0,-MgO (II-1V) samples pre-
pared via wet-kneading showed significantly higher selectivity
towards butadiene than the co-precipitated SiO,-MgO (V-VI)
catalysts (see Table 1); furthermore, the co-precipitated ones
were found to produce higher amounts of the by-products
ethylene and diethyl ether.'®' Low butanol yields were
observed for all catalysts (<5%), implying that all Si0,-MgO
materials contain a non-negligible amount of acidic sites.
These materials thus provide an excellent set for a systematic
acid/base study. Here, we report on the acid/base properties
of five Si0,-MgO catalysts characterized using the techniques
listed in Table 2. Physically-mixed SiO,-MgO (I) gives very
poor ethanol conversion and butadiene yield and was there-
fore not included here. The various techniques used show
that strong basic sites and an excessive amount of acidic sites
lead to more dehydration products and poor selectivity to
butadiene. Instead, those catalysts with an intermediate
amount of acidic sites and a low amount of strong basic sites
give the best butadiene yields.

Experimental
Materials

All precursors and chemicals used for the preparation of the
Si0,-MgO materials are described in a previous publication.”
For the Hammett indicator study the following chemicals
were used: benzene (Sigma-Aldrich, ACS reagent 99.0%)
bromothymolblue (ABCR), phenolphthalein (Sigma-Aldrich,
ACS reagent), 2,4-dinitroaniline (Acros Organics, 99%),
4-chloro-2-nitroaniline  (Sigma-Aldrich ~ purum, =>98%
(HPLC)), 4-nitroaniline (Acros Organics, 99%), 4-chloro-
aniline (Sigma-Aldrich, 98%) and diphenylmethane (99%

Catal. Sci. Technol., 2015, 5, 2869-2879 | 2871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cy00200a

Open Access Article. Published on 25 March 2015. Downloaded on 10/29/2025 11:47:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Catalysis Science & Technology

Table 1 Overview of the preparation methods employed for the six SiO,-MgO catalysts

Ethanol conversion (%)? Butadiene yield (%)”

Sample name Technique SiO, particle size (nm)
Si0,-MgO (I) Physical mixture ~425
Si0,-MgO (1) Wet-kneading ~425
Si0,-MgO (III) Wet-kneading 30-100
Si0,-MgO (IV) Wet-kneading 7-40
Si0,-MgO (V) Co-precipitation® ~425
c

Si0,-MgO (VI) Co-precipitation” —

18.3 0.3
51.1 12.9
51.5 16.3
43.0 15.6
46.1 6.4
49.4 1.2

“ MgO precursor added 20 min after SiO, precursor. * MgO and SiO, precursors added simultaneously. ¢ No silica phase was observed for this

sample. ? values after 4 h time on stream.

Sigma-Aldrich). For IR analysis pyridine (Acros Organics, 99+%,
for spectroscopy) and CDCl; (Cambridge Isotope Laboratories,
D, 99.8%) were used as probes.

Preparation of Si0,-MgO catalysts

The five SiO,-MgO catalysts, as well as the SiO, and MgO
single oxides, were prepared according to our previously
published procedures.” All samples are prepared with a 1:1
molar ratio of the two components. A summary of the differ-
ences in preparation for the various samples is given in
Table 1.

Hammett indicator study

All experiments were performed using standard Schlenk tech-
niques. Benzene was dried over molecular sieves and stored
under an Ar atmosphere. A solution of each indicator was
prepared by dissolving 0.025 g of the indicator in 25 mL of dry
benzene. The seven indicators used were (in order of increasing
pKa, Table 3): bromothymolblue (pK, = 7.2), phenolphthalein
(pKa = 9.3), 2,4-dinitroaniline (pK, = 15.0), 4-chloro-2-nitroaniline
(pK, = 17.2), 4-nitroaniline (pK, = 18.4), 4-chloroaniline (pK, =
26.5) and diphenylmethane (pk, = 35.0). Before every

Table 2 Characterization techniques employed for the study of acid-
base properties of the SiO,-MgO catalysts

Technique Sites studied Type of information

Hammett indicator Acidic, basic Strength, amount

Pyridine-IR Acidic Strength, nature, (amount)
NH;-TPD Acidic Strength, amount
CDCl;-IR Basic Strength, nature, (amount)
CO,-TPD Basic Strength, amount

Table 3 Name and physicochemical properties of the indicators used in
the Hammett indicator study

Indicator pK, Color acidic form  Color basic form
Bromothymol blue 7.2 Yellow Blue
Phenolphthalein 9.3  Colorless Red
2,4-Dinitroaniline 15.0 Yellow Violet
4-Chloro-2-nitroaniline  17.2  Yellow Orange
4-Nitroaniline 18.4 Colorless Orange
4-Chloroaniline 26.5 Colorless Pink
Diphenylmethane 35.0 Colorless Yellow/orange

2872 | Catal Sci. Technol, 2015, 5, 2869-2879

experiment, 0.1 g of catalyst was dried at 473 K in vacuo. The
flask containing the catalyst was then put under Ar atmo-
sphere, after which 2 mL of dry benzene were added to the
sample under investigation; at this point a few drops of the
indicator solution were added to the suspension of the cata-
lyst in benzene. After a few min, a color change was observed
on the surface of the solid catalyst, indicating that the major-
ity of the indicator molecules, initially in their neutral form,
had been deprotonated. The flask was then stored for 24 h,
in order to confirm the color change (or its absence).

Pyridine- and CDCI;-IR spectroscopy

Fourier Transform Infrared (FT-IR) spectroscopy after pyri-
dine adsorption (Pyridine-IR) measurements were taken with
25 scans per spectrum on a Perkin Elmer System 2000 with a
DTGS detector and a resolution of 4 cm™'. Approximately
0.015 g of the catalyst were pressed into a pellet and placed
into the pyridine cell. The catalyst was first dried in the cell
under vacuum using a temperature ramp of 5 K min™" to
reach the desired temperature of 823 K. IR spectra were taken
every 25 K in the temperature range 323-823 K. Once 823 K
was reached, a spectrum acquired at this temperature was
used to study the OH signals of the various SiO,-MgO samples.
This temperature was kept constant for 30 min, after which
the sample was cooled to 323 K.

At this temperature, pyridine was allowed onto the cata-
lyst. After 20 min of equilibration, the catalyst was put under
vacuum for 30 min to remove physisorbed pyridine. Subse-
quently, temperature-programmed desorption was started
with a temperature ramp of 5 K min™' up to 823 K. After
every temperature increase of 25 K, the temperature was kept
constant for 5 min. IR spectra were taken every 25 K to study
thermal pyridine desorption.

A similar procedure was used for FT-IR after deuterated
chloroform adsorption (CDCI;-IR), with the main difference
being the drying of the catalyst. This was performed by
heating the catalyst-containing cell in a constant N, flow
(~243 mL min™) instead of in vacuo for practical reasons (i.e.,
to avoid CDCl; traces to remain as impurities in a setup
dedicated to Pyridine-IR analysis). Once 823 K was reached,
this temperature was kept for 60 min after which the sample
was cooled to 323 K. At this temperature, the flow was
adjusted to approximately 99 mL min™" and, subsequently,

This journal is © The Royal Society of Chemistry 2015
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N, was passed through the CDCl;-containing gas bubbler for
30 min, to carry the probe molecule to the IR cell containing
the catalyst. Similar to the Pyridine-IR analysis, a TPD proce-
dure was applied by heating them with 5 K min™" up to
823 K. However, the observed darkening of catalyst pellets
(possibly due to the formation of carbonaceous deposits
upon thermal treatment, as a result of decomposition of
CDCI; on basic sites)’ discouraged the use of the FT-IR spec-
tra acquired above 323 K.

NH;- and CO,-TPD

Adsorbed ammonia Temperature Programmed Desorption
(NH3-TPD) measurements were performed on a Micromeritics
ASAP2920 apparatus. 0.2 g of sample dried in-situ in a He
flow with a temperature ramp of 5 K min™" up to 873 K. Sub-
sequently, the sample was cooled to 373 K; at this point, NH;
pulses of 25.3 cm® min™" were applied. The sample was then
heated to 873 K with a ramp of 5 K min~" to induce desorp-
tion of NH;.

A procedure similar to the one described for NH;-TPD was
employed in the case of Adsorbed carbon dioxide Tempera-
ture Programmed Desorption (CO,-TPD), the main difference
being the lower temperature (313 vs. 373 K) at which CO,
pulses are fed to the sample. For the calculation of the num-
ber of acidic or basic sites, it was assumed that only one mol-
ecule of NH; or CO, can adsorb on a single site.

Results and discussion

IR analysis of OH region

The FT-IR spectra of the wet-kneaded catalyst SiO,-MgO (III)
and the single oxides MgO and SiO, show that significant dif-
ferences between the samples are present in the OH region
(3770-3600 cm™, Fig. 2). The FT-IR band of the hydroxyl
groups on magnesia is reported to vary between 3800-3200
ecm™' depending on its thermal history, coordination and,
hydrogen bonding interactions. Knézinger et al. identified

3672
3730

3700

a)

Absorbance (a.u.)

c)

3760 3740 3720 3700 3680 3660 3640 3620 3600
Wavenumber (cm™)

Fig. 2 FT-IR spectra of a) SiO,-MgO (lll), b) SiO, and c) MgO. The
spectra, taken at 823 K, are offset for clarity.

This journal is © The Royal Society of Chemistry 2015
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four different OH groups on the surface of MgO, with peaks
at around 3750 and 3700 cm ™' being attributed to isolated
OH groups (mono- or multicoordinated, respectively).>> The
peak observed at ~3730 cm™' can thus be ascribed to both
kinds of isolated OH groups (a low-intensity shoulder can be
observed at ~3750 cm ™).

Silica is reported to show a sharp absorption at ~3745
em™* for isolated silanols.*® In our case, despite having been
subjected to a pretreatment temperature as high as 823 K, a
rather broad band centered at around 3700 cm™ is seen
instead for the Stober-like SiO, (spheres of 30-100 nm in
diameter), pointing at both isolated and H-bonded silanol
groups (Fig. 2).

Notably, the FT-IR spectrum of SiO,-MgO (III) shows
three, rather than two local maxima. Based on the above, the
peak at 3730 cm™" was assigned to hydroxyl groups on MgO
and the partially obscured peak at 3700 cm™ to the stretching
of silanol groups.

The third maximum at ~3672 cm™?, is not observed in the
spectrum of either of the single oxides, and must thus
originate from an interaction between the two components.
Notably, antigorite, a magnesium silicate mineral with for-
mula Mg;Si,05(OH), and a structure consisting of octahedral
Mg(OH), layers covalently bonded with tetrahedral silica
layers (Fig. 3), shows one single peak in the OH region at
3670 cm ', This vibration is assigned to OH groups in the
octahedral Mg layer that are interacting with silica via H-
bonding.”” Interestingly, antigorite is also reported to be
active in the Lebedev process.® Based on this and taking into
account the TEM morphology of the wet-kneaded catalysts
(a thin MgO layer is seen to be deposited on top of the silica
spheres, ESIT Fig. 2), the latter peak was assigned to brucite-
like OH groups H-bonded to SiO, (Mg-(OH)---O-Si). The
vibration at 3672 cm™ could thus be tentatively assigned to
similar species, keeping in mind that a number of other
magnesium silicates also show absorption at a similar
spectroscopic position (e.g., talc at 3674 cm™).*® A similar

4000 3000 2000 1000
Wavenumber (cm ')

Intensity (a.u.)

o ] o -] o é

Fig. 3 Schematic representation of the antigorite structure and its
FT-IR spectrum as obtained from the RRUFF database.®’
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observation, pointing at magnesium silicate formation, has
recently been reported."”

Significant differences among the various SiO,-MgO cata-
lysts are observed in the OH region of the FT-IR spectra
(Fig. 4). All catalysts prepared via wet-kneading show the
three peaks discussed above, albeit with different relative
intensities. In particular, the intensity of the central peak
(OH groups on SiO,) decreases upon decreasing the size of
the silica (Table 1), with the peak at 3672 cm™' simulta-
neously increasing in intensity. Indeed, a smaller SiO, size
means that the MgO phase can interact with a larger portion
of the external SiO, surface, resulting in more Mg-O-H:--O-Si
groups in SiO,-MgO (III) and SiO,-MgO (IV).

For the two co-precipitated catalysts (V-VI), the peak at
3672 cm ' is notably absent. As a result of the method of pre-
cipitation of both components in ethanol, no crystalline MgO
phase is formed (ESLj Fig. 1); furthermore, the ill-defined
morphology observed by TEM for SiO,-MgO (VI) (ESLT Fig. 2)
strongly hints at the formation of an amorphous mixed oxide
structure and antigorite-like structures are therefore not
expected.

Hammett indicator study

The Hammett indicator method assesses the overall acidity
and basicity of solid materials with a number of indicators of
known pK, and pK,.*° All indicators used in this study are,
initially, in the protonated form. Before the experiment, the
Si0,-MgO catalyst is treated at 473 K overnight (a tempera-
ture lower than those used in FT-IR and TPD analysis; the
pretreatment temperature employed is important as it affects
the presence of adsorbates, e.g. H,O and CO,, on the surface
of the samples). The interaction of the indicator with the
catalyst causes the adsorbed indicator molecules to be
deprotonated on the condition that H_ (as defined by

3700 3672

Absorbance (a.u.)

3760 3740 3720 3700 3680 3660 3640 3620 3600
Wavenumber (cm™)

Fig. 4 FT-IR spectra of a) SiO,-MgO (ll), b) SiO,-MgO (lll), c) SiO—

MgO (IV), d) SiO,-MgO (V) and e) SiO,-MgO (VI). The spectra, taken at

823 K in the region 3770-3600 cm™?, are offset for clarity.
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Tanabe® as a measure of strength for basic sites of solid
materials) of the tested sample is higher than the pK;, of the
basic form of the indicator. As the experiments are performed
in benzene, the indicator molecules once deprotonated can
interact with any acidic site, if present, of the solid materials
and revert back to their initial form. The observed color there-
fore probes the contribution of all accessible acidic and basic
sites and their strength (ESL} Scheme 1). The H_ of a catalyst
is then determined as the range between the pK, of the last
indicator showing color change and the pK, of the first indica-
tor that is not transformed into its deprotonated, basic form.

Table 4 shows the results for the color changes for four
catalysts and for the single oxides, SiO, and MgO. SiO,-MgO
(V) could not be tested as it showed an intrinsic coloration.
As expected, MgO and SiO, were observed to be the most and
the least basic materials, respectively. Of the Si0,-MgO cata-
lysts, SiO,-MgO (II) and SiO,-MgO (III) are the most basic,
having a H_ in the range 15.0-17.2; the current set of Ham-
mett indicators does not allow differentiation in basicity of
these two samples. SiO,-MgO (VI) is the least basic, with a
H_ value between 9.3 and 15.0. Finally, SiO,-MgO (IV) is
more basic than phenolphthalein but less than 4-chloro-2-
nitroaniline (pK, = 9.3 and 17.2, respectively). When tested
against 2,4-dinitroaniline a color between the basic and
acidic indicator forms was observed, suggesting a H_ value of
~15.0 for SiO,-MgO (IV). The Hammett indicator study thus
showed the overall basicity/acidity to follow the order (from
the most to the least basic): MgO > SiO,-MgO (II) = SiO,-
MgO (I1) > Si0,-MgO (IV) > Si0,-MgO (VI) > SiO,.

The overall acidity/basicity order of the SiO,-MgO catalysts
coincides with catalyst performance; in particular, co-
precipitated SiO,-MgO (VI) was found to be less basic than
all wet-kneaded catalysts, which agrees well with the highest
yields of the ethylene and diethyl ether by-products that are
observed for this material. While color changes with Ham-
mett indicators are somewhat subjective, the order given by
the Hammett indicator study is confirmed by the pyridine-IR
and NH;-TPD results, as discussed below.

Table 4 H_ determined via Hammett indicator study for the various
SiO,-MgO catalysts

Sample H_“

MgO 18.4-25.5
Si0,-MgO (II) 15.0-17.2
Si0,-MgO (III) 15.0-17.2
Si0,-MgO (IV) ~15.0°
Si0,-MgO (V) n.d.
Si0,-MgO (VI) 9.3-15.0
Si0, 7.2-9.3

“ The H_ value refers to the strength of solid bases as the pka range
between the last indicator showing color change and the first one for
which the color change could not be appreciated. ” The color
observed is in between that of the neutral (protonated) and
deprotonated forms of 2,4-dinitroaniline (pK, = 15.0).  H_ could not
be determined due to intrinsic coloration of the material.

This journal is © The Royal Society of Chemistry 2015
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Acidity

Pyridine is commonly used to probe acidity and to distin-
guish between Lewis and Brensted acid sites.’”"' Before
pyridine-IR analysis, the surface of the samples was cleaned
by heating the samples to 823 K. No FT-IR peaks were
detected at 1550 and 1650 cm !, which would have been
indicative of Bregnsted acid sites, for any of the Si0,-MgO cat-
alysts (Fig. 5) or for the two single oxides. Janssens et al.,
similarly, did not observe Bronsted acid sites for the Ag/
MgO-SiO, nor for the unsupported MgO-SiO, materials with
pyridine-IR." Surprisingly, they did consider mildly Brgnsted
acidic silanol sites, i.e. so weakly acidic that no interaction
with pyridine is seen, to be responsible for the dehydration
of crotyl alcohol to butadiene. On the other hand, four bands
(1445, 1490, 1577 and 1604 cm™') attributed to pyridine
adsorbed on Lewis acidic sites where observed at the same
position for all the SiO,-MgO catalysts. Indeed,
coordinatively unsaturated Mg?>" cations can behave as Lewis
acid sites in these Mg-containing materials. Similar peaks
were also observed for SiO, and MgO (not shown), albeit with
much lower intensity and thermal stability.

The intensity of the observed FT-IR bands (especially of
the most intense one at around 1445 cm™') can be used to
estimate the amount of acidic sites (Fig. 5), giving the follow-
ing order: SiO,-MgO (VI) > Si0,-MgO (IV) > Si0,-MgO (V) ~
Si0,-MgO (III) > SiO,-MgO (II). The background in the con-
sidered region varies considerably, however; in particular for
the co-precipitated catalysts, carbonate species present on
the catalyst surface hamper a more accurate quantification of
the Lewis acid sites.*> After pyridine adsorption, the samples
were heated stepwise to 823 K, to probe the strength of the
acid sites. The temperatures at which all adsorbed pyridine is
lost are: SiO,-MgO (VI) (748 K) > SiO,-MgO (IV) (723 K) >
Si0,-MgO (III) (673 K) > Si0,-MgO (II) (623 K) > SiO,-MgO
(V) (573 K) > MgO (498 K) > SiO, (398 K).

Absorbance (a.u.)

1650 1600 1550 1500 1450 1400
Wavenumber (cm™)
Fig. 5 FT-IR spectra of a) SiO,-MgO (Il), b) SiO,-MgO (lll), ¢) SiO,-
MgO (IV), d) SiO,-MgO (V) and e) SiO,-MgO (VI) after adsorption of
pyridine. The spectra, taken at 423 K in the region 1650-1400 cm™2, are
offset for clarity (L, Lewis acid sites; B, Bronsted acid sites).
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The amount of acidic sites of the various materials was
further quantified by NH;-TPD with one broad peak of NH;
desorption being observed for all SiO,-MgO catalysts (Fig. 6).
The amount of acidic sites is generally in good agreement
with the pyridine-IR results: Si0,-MgO (VI) > Si0,-MgO (V)
> §i0,-MgO (IV) > Si0,-MgO (III) > Si0,-MgO (II) (Table 5).
That SiO,-MgO (V) contains more acidic sites than SiO,-MgO
(IV) according to NH;-TPD might be due to the difference in
size of the probes or to the difference in background signal
in the FT-IR spectra. The co-precipitated samples thus pos-
sess a higher amount of acidic sites than the wet-kneaded
ones. This again correlates well with the higher amount of
dehydration products (i.e., ethylene and diethyl ether)
obtained on the former set of catalysts. Furthermore, the wet-
kneaded catalysts containing smaller silica particles, ie.
Si0,-MgO (III) and SiO,-MgO (IV), possess a higher amount
of acidic sites, again correlating with the higher amounts of
dehydration products observed (Fig. 1).

Basicity
IR spectroscopy of adsorbed deuterated chloroform (CDCl;)
allows for the study of basic sites of solid materials. CDCl; is
preferred over CHCl;, as the interaction of the latter with
basic sites would result in peaks in the range 3200-2800 cm™,
a region where the ubiquitous -OH stretching bands are
located.®

Depending on the kind of basic site CDCl; is interacting
with, different bands are observed originating from C-D
stretching vibrations; 7.e. bands in the range 2245-2250 cm™
are ascribed to the interaction with weak basic sites (B', B> in
Scheme 3), while peaks at 2210-2220 cm ™" are due to strong
basic sites (C). For each of these types of sites, a shift towards
lower wavenumbers implies relatively stronger basic sites.>

The spectra shown for a selected number of SiO,-MgO cat-
alysts and MgO (Fig. 7) were recorded at 323 K. All samples
show three similar features at ~2264, 2250 and 2213 cm™.
The low-intensity peak observed for all samples at ~2264 cm™*

——Si0,-MgO (II)
° —— Si0,-MgO (1ll)
o5 Si0,-MgO (IV)
£1|8 ——Si0,-MgO (V)
S ——Si0,-MgO (V1)
5
g
k=
[0
o |
c
[e]
[&]
)
O
A

T * T b T o T o T " 1
373 473 573 673 773 873
T (K)

Fig. 6 NH3 temperature-programmed desorption (TPD) profiles for
the various SiO,-MgO materials in the range 373-873 K.
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Table 5 Amount of acidic and basic sites for the different SiO,-MgO catalysts calculated via NH3z- and CO,-TPD analysis

Number of basic sites (mmol g*)?

Sample Number of acidic sites (mmol g™*)*
Si0,-MgoO (II) 0.145
Si0,-MgO (I1T) 0.219
Si0,-MgO (IV) 0.234
Si0,-MgO (V) 0.242
Si0,-MgO (VI) 0.268

“ Calculated via NH;-TPD. ? Calculated via CO,-TPD.

IID Cl_ Cl Cl_ Cl CI:I
c|_(|;-c| D./ \Cl D/ \Ql CI—(?—CI
Cl
H LR A
i i P9 i
catalyst | | catalyst | | catalyst | | catalyst |

A B' B2 ¢
cl cl_ Cl Ny
CI—?—CI D \QI
b
o o, ] o
7\ 7N\ 7N
?I l\lflg ?I '\lflg ll\sue ?I l\lllg ||3sne
l catalyst | l catalyst I l catalyst I
D E’ E?

Scheme 3 Schematic representation of the interactions for CDCls
with basic sites of a solid catalyst. Structures A-C are reported by
Ono et al?® Structures D, E' and E? are postulated in the present
study. Agite and Bg;ie represent acidic and basic sites, respectively.

Physisorbed
cDcl,

Weak, medium
basic sites

Strong
basic sites

2086

~
3
i)
o b)
o 2256
®©
g 2253 9
Q
<
2246 . d)

st — 9

2300 2250 2200 2150 2100 2050

Wavenumber (cm™)

Fig. 7 FT-IR spectra of a) SiO,-MgO (VI), b) SiO,-MgO (Il), c) SiOx—
MgO (lll), d) SiO,-MgO (IV) and e) MgO after adsorption of CDCls. The
spectra, taken at 323 K in the region 2300-2050 cm™, are offset for
clarity.

has been seen before for SiO, probed with CDCl;. The similar-
ity in peak position to the C-D stretching vibration of gaseous
CDCI; suggests that CDCIl; interacts through the Cl atom with

2876 | Catal Sci. Technol., 2015, 5, 2869-2879

0.022
0.018
0.015
0.013
0.010

a OH group of SiO,, thus having a minimally perturbed C-D
bond and behaving as a physisorbed species (A).**

All materials show a weak shoulder at approximately 2213
em ™ attributed to CDCl; interaction with strong basic sites.
The interpretation of the position and intensity of this
spectroscopic feature is hindered by the intense peak for
weak basic sites. Indeed, for all materials, the region 2264-
2213 em™" is dominated by a broad peak resulting from the
interaction of CDCl; on weak basic sites, with the peak max-
ima being a function of the average strength of these weak
basic sites as stated above.

Furthermore, for all SiO,-MgO materials, two additional
FT-IR peaks at around 2139 and 2086 cm™ " are found, values
that are lower than those usually reported for C-D stretching
vibrations. This suggests that the C-D bond is further weak-
ened possibly due to the presence of stronger basic sites.
Comparing the basicity of different oxides, Paukshtis et al
observed a band at 2160 ecm ™", tailing up to ~2120 cm™* and
assigned this band to adsorption of CDCI; on CaO on strong
basic sites of structure C (the peak was not seen for other
oxides, including SiO, and MgO).** This assignment to a
structure of type C is somewhat disputed, as others have
assigned the peak at 2213 cm™ to structure C instead.>***
Notably, Lopez and coworkers observed a peak at around
2139 cm™" for sulfated Si0,-MgO materials and attributed it
to the interaction of CDCl; on oxygen atoms bridged on Si
and Mg (D). A low-intensity peak was also observed, but not
assigned, at around 2028 cm™" in the same study.*® The fact
that the FT-IR peak at 2139 cm ™" is completely absent in the
case of MgO, while being observed, albeit with different
intensity, for all the SiO,-MgO catalysts corroborates the
assignment to a structure of type D. The peak at ~2086 cm™"
has, to the best of our knowledge, not been reported before.
This feature might originate from the presence of very strong
basic sites. On the other hand, it could also be the result of
two sites in close proximity. In particular, in addition to the
well-known interaction of deuterium with a basic site, it is
possible that: 1) the partially positive carbon atom of CDCl;
interacts with another basic site or 2) one of the chlorine
atoms interacts with an acidic site on the surface. Both inter-
actions (E' and E®) would cause weakening of the C-D bond.
The peaks at 2139 and 2086 cm™" are highest in intensity for
Si0,-MgO (VI). We previously showed with other characteri-
zation techniques, such as UV-vis, XRD and TEM, that this
sample possesses the highest degree of intimate contact
between SiO, and MgO,” supporting the assignment to CDCl;

This journal is © The Royal Society of Chemistry 2015
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bonded to O(H) bridged between Si and Mg atoms. Further
(computational) studies are required for a firm assignment of
this peak.

The two catalysts having the highest butadiene selectivity,
i.e. Si0,~MgO (III-1V) are shown to have a significantly lower
amount of strong basic sites as compared with SiO,-MgO
(I1). In addition, the weak basic sites of SiO,-MgO (II) are rel-
atively stronger than those observed for the other two wet-
kneaded catalysts. As discussed in the introduction, Climent
et al. observed that weak basic and acidic sites are preferred
over strong ones in catalysts for the aldol condensation of
heptanal with benzaldehyde.>® The higher butadiene yield
observed for SiO,-MgO (III-IV) as compared with SiO,-MgO
(II) can thus be ascribed to a more beneficial ratio and
strength of acid and basic sites for the self-aldolization of
acetaldehyde (step 2, Scheme 1). This is corroborated by the
observation that a relatively larger amount of acetaldehyde is
observed for SiO,-MgO (II), implying that the latter catalyst is
not able to perform the aldol condensation step as efficiently
as the other wet-kneaded SiO,-MgO samples. SiO,-MgO (II)
might furthermore not be sufficiently acidic for the promo-
tion of the dehydration steps involved in the mechanism
(steps 3 and 5), adding to the reduced performance.

Finally, CO,-TPD was used for the quantification of the
basic sites of the various SiO,-MgO samples. Desorption was
monitored over a temperature range of 313-873 K (Fig. 8),
after pretreating the samples by bringing them to a tempera-
ture of 873 K with 5 K min™ in He flow. The amounts of basic
sites probed by CO, (Table 5) follows the order: SiO,-MgO (II)
> Si0,-MgO (III) > Si0,-MgO (IV) > Si0,-MgO (V) > SiO,-
MgO (VI). The catalysts prepared via wet-kneading thus show a
higher amount of basic sites than the co-precipitated ones.

The CO,-TPD basicity order follows the order of the Ham-
mett indicator studies, but the absolute amounts of basic
sites are unexpectedly low. Indeed, the amount of basic sites
calculated with CO,-TPD is actually 10-fold lower than the
amount of acidic sites observed with NH;-TPD. Ordomskiy
and co-workers previously reported a similar discrepancy for

——Si0,-MgO (Il)
——Si0,-MgO (Ill)
Si0,-MgO (IV)
——Si0,-MgO (V)
——Si0,-MgO (VI)

0.005 cm?®/g

TCD concentration (cm?®/g)

373 473 573 6713 773 873
T(K)

Fig. 8 CO, desorption for the various SiO,-MgO catalysts in the range

313-873 K.
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Si0,, 2 wt% Zr0,/SiO, and 2 wt% MgO/SiO, materials used
for the condensation of acetaldehyde to crotonaldehyde.**
NH;- and CO,-TPD showed SiO, to possess almost no active
(basic or acidic) sites, while promotion with MgO increased
the amount of the basic sites (from ~8 to 37 umol g '), and
acidic sites (from ~30 to 116 umol g™). This significant
increase in the amount of acidic sites for the MgO/SiO, sam-
ple was attributed to low-coordination Mg atoms. The MgO-
SiO, materials, prepared by dry milling and subsequently
exposed to water, reported by Janssens et al. contained a sim-
ilar amount of basic sites (0.022-0.042 mmol g™') as our
materials.”® No quantification of the acid sites was reported
for these samples, precluding further comparison.

Clearly, the Hammett indicator results show our SiO,—
MgO materials to be prevalently basic. In addition, the basic-
ity order obtained by CDCI;-IR study is quite different from
the CO,-TPD one, with the former technique showing the co-
precipitated catalyst SiO,-MgO (VI) to be more basic than all
wet-kneaded ones. These observations suggest that CO,-TPD,
under the applied experimental conditions, is unable to
probe all (catalytically) relevant basic sites. It should further-
more be noted that the interaction of CO, with certain basic
sites can lead to the formation of carbonate species of
extremely high thermal stability.*> Moreover, it is known that
the presence or absence of H,O can significantly alter the
nature and stability of such adsorbed carbonate species.*” In
our case, any H,O present would be desorbed (together with
CO,) during thermal pretreatment; CO, is then introduced
on a heavily modified catalyst surface (dry and, probably, sig-
nificantly dehydroxylated). For this reason, carbonates are
formed that differ in chemical nature from those originally
found on the catalyst surface as a result of adsorption of
atmospheric CO,. Indeed, the CO, desorption seen in Fig. 8
upon further heating the samples from 673 K to tempera-
tures higher than 873 K suggests that very strong basic sites
are present. Significant CO, desorption peaks centered at
around 1000 K (ESL;j Fig. S3) were indeed observe upon fur-
ther heating. The CO, desorbed at these high temperatures
should, however, not be included in the quantification of
basic sites, as significant structural changes will occur at
these elevated temperatures. While the TPD results thus do
support the strong basic sites proposed based on the CDCl;-
IR results, we do not consider CO,-TPD a reliable method for
the quantification of the basic sites on our samples. The TPD
results also suggest that carbonates might be present during
catalysis. Indeed, as the carbonates formed by adsorption of
atmospheric CO, upon exposure to air can also be thermally
very stable, the exact conditions of the thermal pretreatment
employed prior to a catalytic run or characterization to
remove such adsorbates, both in terms of atmosphere and
temperature used, can be critical.

Conclusion

Systematic characterization of the acid-base properties of
Si0,-MgO catalysts prepared by different methods provided
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new insights into how catalyst preparation influences catalytic
performance. Such a characterization study for SiO,-MgO cat-
alysts for the Lebedev process is essential to establish a
structure-activity relationship. For the series of catalysts stud-
ied here, the co-precipitated ones proved to contain a higher
amount of acidic and strong basic sites than those prepared
by wet-kneading. As a result, higher selectivity towards
ethylene and diethyl ether and lower butadiene yields are
obtained.

Certain acidity is required, though, as illustrated by the
fact that the catalyst with the lowest amount of acid sites also
gave the lowest butadiene yield of the wet-kneaded catalysts.
The best catalysts were those with a limited amount of strong
basic sites and an intermediate amount of acidic ones. The
aldol condensation step that is key to butadiene formation is
known to benefit from cooperativity between weak acid and
basic sites. Based on the spectroscopic data, it is therefore
proposed that the best catalysts are those that can perform
the aldol condensation step most efficiently, as a result of
the right amount and proximity of acidic and basic sites of
moderate strength. A graphical summary of the consequences
of preparation method on morphology, acid-base properties
and performance of Si0,-MgO catalysts is given in Fig. 9.

It is clear that, regardless of the actual mechanism, the
elementary steps leading to butadiene formation require a
subtle balance in acid-base sites. Fundamental understand-
ing of the acid-base properties required for the Lebedev pro-
cess (as a whole and for the individual elementary steps) is
therefore expected to ultimately result in the design of new
and improved catalysts for the Lebedev process.

Wet-kneading

MORPHOLOGY -  SiO,- and MgO-rich areas
l - magnesium silicate formation

ACID-BASE v intermediate amount acidic sites
PROPERTIES v low amount strong basic sites
v acid-base sites proximity

CATALYSIS v high butadiene selectivity
v limited dehydration selectivity

Aldol
i OH

X

—

AO

Co-precipitation

MORPHOLOGY - no individual components
i - no magnesium silicate detected

ACID-BASE  x
PROPERTIES x

|

CATALYSIS  x poor butadiene selectivity
x  high dehydration selectivity

high amount acidic sites
high amount strong basic sites

Aldol
dehydrogenation condensation OH
—_— \0 —

dehydration
- /\OH

2.0

~o

Fig. 9 Graphical summary of the morphology, acid-base properties
and consequences for catalysis for the wet-kneaded and co-
precipitated catalysts.
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