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ABSTRACT

The open porosity and number of Lewis acid sites in metal silicates (M = Zr,Ta) have been reported
as key factors enabling reaching high butadiene (BD) productivity from ethanol. However, some
microporous zeolites recently displayed very high BD vyields. To gain a deeper insight, we have applied
non-hydrolytic sol-gel (NHSG) in the preparation of micro-mesoporous zirconosilicates. The porosity,
structure, and acidity of these materials have been described and compared to a benchmark sample
prepared by dry impregnation. The detailed characterization proved that NHSG preparation provided
highly homogeneous Zr dispersion in silica leading to almost doubled Lewis acid site numbers and
higher activity in ethanol-acetaldehyde conversion to BD, Meerwein-Ponndorf-Verley (M PV) reaction,
and aldol condensation, in comparison to the catalyst prepared by dry impregnation. The selectivity
and stability were similar for catalysts prepared by NHSG and dry impregnation.

Keywords: Zirconosilicate, micro-mesoporous, non-hydrolytic sol-gel, ethanol to butadiene
transformation, aldol condensation, MPV reaction

1. Introduction

The transformation of ethanol to BD (i.e., the ETB process), originally developed at the beginning of
the 20th century [1,2], has revived in recent years. The possible renewable source of butadiene rubber
and related polymers has attracted considerable attention for several reasons. First, naphtha cracking,
where BD is produced as a by-product, is a highly energetically demanding process. Second, applying
shale gas in the petroleum industry leads to lower BD vyields. These facts, together with high oil prices,
make the BD a highly demanded product [3-7].



The generally agreed mechanism of BD formation from ethanol consists of five steps (Scheme 1): (1)
ethanol dehydrogenation to acetaldehyde, (2) condensation of two molecules of acetaldehyde to ace-
taldol, (3) its dehydration to crotonaldehyde, (4) MPV reduction of crotonaldehyde by ethanol to crotyl
alcohol with simultaneous production of acetaldehyde, and, finally, (5) dehydration of crotyl alcohol
to 1,3-butadiene [3-8]. This mechanism was confirmed on Lewis acid Ta — BEA zeolite in a
mechanistic study applying in situ DRIFTS — MS setup [9]. However, Dussol et al. noted some
discrepancies when performing kinetic modeling of ETB process over Ta;0s-SiO; catalyst and
suggested that pathway including intramolecular hydrogen transfer has to be taken into account [10].

Catalysts applied in ETB process can be divided into two main groups: (i) catalysts based on mixed
magnesia-silica [11-14] and (ii) metal silicates and zeolites (M = Ti,Zr,Hf,Nb,Ta) [15-20].
Dehydrogenation power (first step of the reaction cascade) of both catalyst groups can be improved
by introducing Cu, Ag, Ni, usually in the form of metal nanoparticles [12-14,17].

To achieve the production of BD from ethanol rentable, catalysts with high productivity and stability
are desired. One of the critical factors influencing BD yields over zirconosilicate catalysts has been
identified by Sushkevich et al. [16,17,21] When comparing Ag — Zr — BEA, Ag — Zr — MCM — 41,
and Ag-ZrO;-5i0, conversion correlated with the number of Lewis acid sites. Ag — Zr — BEA
containing isolated zirconium sites displayed the highest activity. Selectivity at iso-conversion
remained the same for all three samples [16]. The most active Ag — Zr — BEA zeolite catalysts were
studied further, and two types of zirconium sites were evidenced: (i) open Zr(OH)(0Si); and (ii)
closed Zr (0Si)4[22]. A linear correlation between the number of open Lewis acid sites and initial BD
productivity was established [21]. Interestingly, when studying crotonaldehyde MPV reduction by
ethanol separately, the authors came to a similar conclusion: initial rates of crotylalcohol production
correlated with the number of Lewis acid sites in zirconium-based catalysts [23]. Similar, the aldol
condensation of butanal performed in a single step over Zr — BEA also depended on the Lewis acid
sites, with open Zr sites being more active [24].

The effect of porosity on BD productivity and catalyst stability with time-on-stream (T 0S) was studied
by several groups [15,18,25]. Intracrystalline mesoporosity has been introduced into Zr — BEA zeolite
by the surfactant-templating method. On the one hand, the stability of both conversion and BD
selectivity improved in comparison to the parent microporous Zr — BEA zeolite. On the other hand,
conversion and BD selectivity remained at the same levels [25]. Chae et al. impregnated Ta;0Os on
various silica supports (SBA — 15, KIT — 6, etc.) by wet impregnation. The authors showed that the
accessibility of active sites is essential as catalysts with larger pores and lower particle sizes performed
better in conversion [15]. Finally, Dagle et al. impregnated Ag and Zr0; on various silica supports and
observed that a higher surface area of support provides better Ag dispersion and higher ethanol
conversion. On the contrary, BD selectivity decreased with the increasing number of Lewis acid sites
as more ethylene was produced [18].

The above-discussed findings lead to the conclusion that materials with high Lewis acid site numbers
and open porosity (including external) are highly desirable for the ETB process in terms of BD
productivity and catalyst stability. In agreement with these results, very high BD productivity (up to
2.18 gBDgCAT"™) has been reported for highly porous foams with homogeneously dispersed Ta.
Moreover, initial BD productivity correlated with the number of Lewis acid sites [26,27]. Also
accordingly, most catalysts based on zeolites with embedded Zr or Ta excel in conversion and BD
selectivity, but suffer from rapid deactivation. Also, the total BD productivity is medium to low (up to
0.60 gBDgCAT") due to limited WHSV used during catalysis over microporous sieves [6,17,28,29].
Completely out of these trends are results reported for Zn — Y — BEA catalysts with BD productivities
reaching up to 3.6 gBDgCAT"! [30,31]. The unprecedented BD productivity was ascribed to



confinement effects of micropore channels in BEA zeolite by Dai et al.[30]. At the same time, Qi et al.
pointed out the enormous activity of Y (OH)(0Si); sites closely associated with adjacent silanol groups
[31].

Herein, we decipher the effect of the number of Lewis acid sites in amorphous micro-mesoporous
zirconosilicates prepared by nonhydrolytic sol-gel (NHSG) on butadiene production from the ethanol-
acetaldehyde mixture, MPV reduction of cyclohexanone, and aldol cross-condensation of
benzaldehyde and acetone. Metals promoting ethanol dehydrogenation were not added on purpose
to focus on the reactions driven by the acid sites. A benchmark zirconosilicate catalyst was synthesized
by dry impregnation, and its Zr distribution was compared to NHSG — prepared samples by
numerous characterization techniques. The structural differences are discussed and connected to
varying catalytic behavior. The stability of the most active catalyst was studied for 90 h TOS.
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Scheme 1. Mechanism of the direct conversion of ethanol to 1,3-butadiene, according to Toussaint et al. [8].

2. Experimental

General experimental methods, characterization techniques, and spectroscopic characterization data
(IR) can be found in the supporting material of this manuscript.

2.1. Xerogel synthesis - acetamide/acetic anhydride elimination route

Silicon tetraacetate (8.269 g, 31.29 mmol) was loaded in an autoclave in a glove box and dissolved in
40 cm3 CH,Cl,. Additionally, tri-methylsilylated Pluronic F127 (4.015 g) was added and dissolved in the
solution of silicon tetraacetate. In a separate vial, Zr(NEt,), (0.186 g, 0.490 mmol) was dissolved in
toluene (10 cm?®) and stirred at RT for 5 min. The solution of Zr(NEt,)4 in toluene was then added to
the solution of silicon tetraacetate and trimethylsilylated Pluronic F127 in dichloromethane under
vigorous stirring (5 min). The autoclave was sealed and kept in an oven at 160 °C for 72 h. During this
time, gelation occurred. After cooling down, the autoclave was put back into the glo-vebox, opened,
and the gel was transferred into a Schlenk vessel. The gel was then dried under a vacuum at 60 °C
overnight to remove the solvent and volatile condensation products (N, N'-diethylacetamide and acetic
anhydride). The resulting powder was calcined in an ambient air atmosphere at 500 °C (5 °C min?, 5
h), yielding a bright white catalyst (NH-160; NH stands for non-hydrolytic, 160 stands for the
temperature used during gelation) with a nominal molar Si/Zr ratio 63.9 (Table 1, Scheme 2).



2.2. Xerogel synthesis - acetamide/acetyl chloride elimination route

Silicon tetraacetate (4.333 g, 16.40 mmol) was loaded in an autoclave in a glove box and dissolved in
40 cm® CH;Cl,. Silicon tetrachloride (2.695 g, 15.86 mmol) and trimethylsilylated Pluronic F127 (2.000
g) were added to the solution of silicon tetraacetate, forming a clear solution. In a separate vial,
Zr(NEt;)4 (0.193 g, 0.508 mmol) was dissolved in toluene (10 cm?) and stirred at RT for 5 min. The
solution of Zr(NEt;)s in toluene was then added to the solution of silicon tetraacetate, silicon
tetrachloride, and Pluronic F127 in dichloro-methane under vigorous stirring (5 min).

Table 1 Synthesis, XPS, and ICP — OES data for NHSG — made zirconosilicate catalysts.

Sample n Si (OAc), n SiCl, n Zr (NEts)4 Si/Zr ratio (-)
(mmol) (mmol) (mmol) Theor/ICP/XPS
MNH- 31.29 - 0.490 63.9/76.5/106
160
MNH- 16.40 15.96 0.508 63.7/64.3/93
140
DI-140 16.40 15.56 0.055 51.3/58.3/42

a The rest of Zr to achieve the desired ratio was introduced by dry impregnation of ZrO(NO3); on the sample.
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Si(OAc), Autoclave Xerogel with N 500 °C, air
Zr(NEL), F127* |3 oo > F127 decomposed NH-160
24 2. drying Full Zr loading
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. drying 0 . . Impregnation
F127 10 % Zr loading 90 % ZrO(NO,),”

Scheme 2. The preparation scheme of the zirconosilicate catalysts. “The decomposition of Pluronic F127 has been observed
after the sol-gel reaction at 160 °C (e.g., ethylene glycol diacetate observed in GC — MS of volatiles) in contrary to the sol-
gel reactions performed at 140 °C. **Only 10 mol% of total Zr has been added to the reaction mixture to enhance the
condensation reaction. The rest 90 mol% was dry-impregnated to prepare a benchmark catalyst with similar porosity, but
applying a conventional method of Zr deposition.

The autoclave was sealed and kept in an oven at 140 °C for 72 h. During this time, gelation occurred.
After cooling down, the autoclave was put back into the glovebox, opened, and the gel was transferred
into a Schlenk vessel. The gel was then dried under vacuum at 60 ° C overnight to remove the solvent
and volatile condensation products (N, N'-diethylacetamide and acetyl chloride). The resulting powder
was calcined in an ambient air atmosphere at 500 °C (5 °C min, 5 h), yielding a bright white catalyst
(NH-140; 140 stands for the temperature used during gelation) with a nominal molar Si/Zr ratio 63.7
(Table 1, Scheme 2). For comparison, zirconosilicate with nominal molar Si/Zr ratio 556 (0.022 g,



0.058 mmol Zr(NEt;)s) was prepared following the same experimental procedure and used as a
support for zirconyl nitrate dry impregnation providing sample DI-140 (DI stands for dry
impregnation) exhibiting similar Si/Zr ratio to samples prepared in one-step by NHSG (Table 1,
Scheme 2).

2.3. Dry impregnation

Sample prepared by NHSG (1.558 g) with nominal molar Si/Zr ratio 556 was mixed with a solution of
hydrated ZrO(NOs), (0.103 g, 0.335 mmol) in water (2 cm?), forming a white paste. The paste was
dried in an oven at 130 °C for two hours and then calcined in an ambient air atmosphere at 500 °C (5
°C min’, 5 h), yielding a bright white catalyst (DI-140) with a nominal molar Si/Zr ratio 51.3 (Table 1,
Scheme 2).

2.4. Ethanol-acetaldehyde mixture conversion to butadiene

The calcined xerogel catalysts (0.100 g, sieved in the 0.20-0.40 mm particle size range) were diluted
with glass beads (0.5-1 mm) to keep the volume of the catalyst bed constant. The void space of the
reactor was filled with silica beads. Catalytic testing was carried out by injecting 0.065 g h* of a mixture
of absolute ethanol/acetaldehyde (2.5 molar ratio) using NE-300 syringe pump in a 50 cm® min™ flow
of N.. The tests were carried out at atmospheric pressure, WHSV = 0.65 h™l. The temperature was
varied stepwise (255, 290, and 325 °C). One step consisted of (i) a heating ramp (5 °C min) and
stabilization at the set temperature (21 min) and (ii) a steady temperature state (120 min). The analysis
of the effluent gas was carried out by a HP 6890 Gas Chromatograph (at least 10 injections at each
temperature) equipped with a flame ionization detector (FID) and a TG-BOND U column (30 m long,
internal diameter 0.32 mm, film thickness 10 um). The preliminary stability of the catalysts was tested
by maintaining the highest temperature (325 °C) for 14 h. The stability of catalytic performance of
sample NH-140 was tested for 90 h TOS at 325 °C.

2.5. MPV reduction of cyclohexanone by isopropanol

A suspension of zirconosilicate catalyst (dried at 150 °C under vacuum for 1 h, 0.0213 mmol Zr) in dry
isopropanol (15 cm?3) was prepared. Cyclohexanone (0.3182 g, 3.240 mmol) and nonane (0.0718 g,
0.560 mmol) were added, and the reaction mixture was refluxed for 4 h under reflux condenser (oil
bath temperature 115 °C). Aliquots for GC — MS analysis were withdrawn every hour and prepared by
filtration via 0.22 pm PTFE syringe filter.

2.6. Acetone-benzaldehyde aldol cross-condensation

A suspension of zirconosilicate catalyst (dried at 150 °C under vacuum for 1 h, 0.0168 mmol Zr) in dry
toluene (10 cm?) was prepared. Benzaldehyde (0.0891 g, 0.840 mmol), acetone (0.1464 g, 2.521 mmol),
and nonane (0.0718 g, 0.560 mmol) were added, and the reaction mixture was kept at 90 °C for 4 h
under reflux condenser. Aliquots for GC — MS analysis were withdrawn every hour and prepared by
filtration via 0.22 pm PTFE syringe filter.



3. Results and discussion
3.1. Synthesis

Zirconosilicate samples were prepared by NHSG, a technique known to produce mixed metal oxides
with high homogeneity of metal mixing and good textural properties[32-37]. Particularly, herein we
present further development of our previous work on non-hydrolytic sol-gel condensation between
silicon tetraacetate and zirconium tetrakis (diethylamide) providing zirconosilicate catalysts [38]. While
zircono-silicates in 1:1 Si: Zr molar ratio have already been prepared before (Schlenk vessel, toluene,
80 °C) [38], here we report the reaction conditions enabling the Si: Zr molar ratio increase to 64:1 to
modulate the catalysts’ acidity.

Two novel variations of the acetamide elimination route[38-41] were studied. In the first of them, the
zirconium diethylamide was mixed with silicon tetraacetate in a 1:64 ratio, and the mixture was heated
to 160 °Cin an autoclave to induce condensation reactions (Eq. (1); Scheme 2; sample NH-160). In the
second one, the temperature necessary to obtain a gel was lowered thanks to the application of SiCl,
(Eq. (2); Scheme 2; sample NH-140). Silicon tetrachloride reacted more promptly with silicon
tetraacetate forming acetyl chloride and Si— O— Si bridges (Eq. 2) compared to the self-
condensation of acetoxy groups forming acetic anhydride (Eq. (1)).

Zr(NEty), + 64 Si(OAc); — Zr0,0648i0, + 4 AcNMe, + 126 AcOAc (1)

Zr(NEt2)y <+ 31-3 51Cly = 325 S1(0Ac)s — 2006451024 4 AcNMes - 126
AcCl (2)

The second variety of the acetamide elimination route (Eq. (2)) was applied to prepare a benchmark
sample (Scheme 2): The synthesis was performed with only 10 % of total Zr content (metals are
necessary to induce the condensation reactions) [42,43]. The rest of Zr (i.e., ca. 90 %) was introduced
by dry impregnation of hydrated zirconyl nitrate (sample DI — 140). In such a way, the benchmark
sample with zirconium introduced by a common and simple method exhibited similar porosity to the
samples prepared by NHSG in one step (see below).

The nominal Si: Zr ratio was 64 in NHSG-prepared zirconosilicates. ICP — OES analysis confirmed
that applied synthetic strategies provide samples with Si:Zr ratios close to the nominal values (Table
1). The surface composition was analyzed by XPS, and the Si/Zr ratio was calculated (Table 1). For
the catalysts where the zirconium was incorporated through non-hydrolytic sol-gel (NH — 160 and
NH — 140), the experimental surface Si/Zr molar ratio was higher than the nominal value (64),
similarly to some previously reported NHSG-prepared met-allosilicates [44]. On the contrary, when
zirconium was incorporated by impregnation (DI — 140), the Si/Zr surface molar ratio reached 42,
indicating a higher amount of zirconium on the catalyst surface as expected.

Pluronic F127 as a pore-generating agent was added in all NHSG reaction mixtures, similar to
previously published reports applying the acetamide elimination route [38,39,45]. However, in the first



reaction (Eg. 1, higher temperature, 160 °C), it was observed, that Pluronic is not stable under the
given reaction conditions and is cut to its monomer fragments (e.g., ethylene glycol diacetate observed
in GC — MS of volatiles; Scheme 2). It can be deemed probable that Pluronic depolymerization was
catalyzed by Zr sites as the monomer Pluronic fragments were not observed at similar reaction
conditions (160 °C, autoclave, dichloromethane) applied for the synthesis of aluminosilicate catalysts
[46]. Fragmented Pluronic partially lost its ability to work as a pore-generating agent, and a sample
with a broad pore size distribution (NH — 160) was obtained (see Section 3.2 Porosity). On the
contrary, the lower temperature used for the second reaction (140 °C, Eq. 2) prevented Pluronic from
splitting, and samples NH — 140 and DI-140 exhibited isotherms typical for NHSG-prepared samples
in the presence of Pluronic (see Section 3.2 Porosity) [38,39,45].

3.2. Porosity

N adsorption-desorption isotherms are shown in Fig. 1A. The preparation at 160 ° C induced Pluronic
F127 decomposition (see Scheme 2 and Section 3.1) and produced sample NH — 160 represented by
isotherm without any apparent hysteresis, though increasing in the whole pressure range. On the other
hand, the samples prepared at a lower temperature (NH — 140 and DI — 140) are represented by
Type IV isotherms with hysteresis in the medium pressure range, indicating the presence of relatively
uniform mesopores. The difference between samples prepared at 140 and 160 °C was observed in the
pore size distribution: Sample NH — 160 exhibited similar but broader pore size distribution in
comparisonto NH — 140 and DI — 140 (Fig. 1B).

The SAser, Viotal, Vmicro, VMeso, and D for all samples are summarized in Table 2. Samples NH — 160
and NH — 140 displayed a higher specific surface area than DI — 14.0. The pore volumes were quite
similar for all samples ranging from 0.52 to 0.66 cm? g. Pore size distribution maxima reached 3.7 nm
for all samples. The volume fraction represented by micropores was also similar (11-26 %) and
therefore all samples can be described as micro-mesoporous zirconosilicates. The only significant
difference among the samples regarding porosity thus remained the missing hysteresis in the case of
NH — 160 and its broader pore size distribution which can be related to Pluronic F127 decomposition.

3.3. Zr dispersion in zirconosilicates

IR, XPS, and DRUV — Vis spectroscopy and XRD were applied to describe the structure of the
samples and especially the Zr dispersion. X — ray diffractograms (Fig. 2A) showed mostly amorphous
character with a broad maximum at ca. 27°20. While zirconosilicates prepared by NHSG were
completely amorphous, sample DI — 140 displayed very weak diffractions (asterisks in Fig. 2A). These
diffractions fitted well with the ICSD#99744 card suggesting presence of traces of tetragonal zirconia
phase detectable by the XRD analysis and thus a lower zirconium dispersion within the sample
prepared by dry impregnation.



Table 2 Textural properties of NHSG-prepared samples.
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NH-160 710 0,66 0.07 0.59 11 3.7
NH-140 790 0.54 0.14 0,40 26 3.7
DI-140 630 0.52 0.09 0.43 17 3.7

a Estimated at P/Po = 0.97.

b based on t-plot analysis.

¢ Maxima observed in NLDFT pore size distributions.
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Fig. 2. X — ray diffractograms (A), IR (B), XPS (C),

IR spectra were very similar for all three samples (Fig. 2B). The zirconosilicates exhibited absorption
bands at 1055- 1049 cm™ (vas Si— O— Si), 794- 798 (vs Si— O0— Si), and 430 cm™ (p Si— 0— Si)
typical for silica-based samples. Furthermore, absorption bands at 1634 cm™ (5 H— O— H) and 3000-
3600 cm™ (v O—H, broad) originating from adsorbed water and surface silanol groups were present.
Notably, the band of medium intensity at 954- 965 cm™ was observed which might originate both in
Si— OZr and Si— OH stretching vibration [19,47,48]. The intensity of this band was shown to
correlate with the number of Si— O— Zr bridges [38,49,50] and thus can be used to estimate the
homogeneity of the Zr dispersion in zirconosilicates. A higher intensity was observed for samples
NH — 140 and NH — 160 compared to DI — 140, indicating a better Zr dispersion in NHSG —
prepared samples in agreement with XRD measurements (assuming a similar Si— OH groups
content).

X — ray photoelectron spectroscopy and especially Zr 3d peak was analyzed to further assess the
zirconium atoms dispersion (Fig. 2C). While NHSG prepared samples (NH — 160 and NH — 140)
display narrow and well-resolved peaks (FWHM reached 1.8 and 1.6 eV, respectively), the DI — 140
is represented by a broader and poorly resolved signal (FWHM 4.1 eV) shifted to a lower binding
energy. According to the literature, the binding energy for Zr in Zr0, lies in the range from 182.2 to
182.6 eV [51]. Zr incorporated in BEA zeolite is shifted to higher binding energy by 0.7-1.0 eV due to a
higher electronegativity of Si in comparison to Zr [16,23,52]. The shift of Zr 3d peak to higher binding
energy was also observed in crystalline ZrSiO, [53]. A similar trend was observed for Ti and Ta
dispersed in silica and explained by a lower electron density of metals once incorporated in silica
compared to their respective metal oxides and, thus, higher binding energy [41,54]. Based on these



reports, it can be inferred that a shift to lower binding energies for sample DI — 140 can be explained
by a formation of poorly dispersed ZrO2 particles on the silica surface. On the contrary, samples
prepared by NHSG (NH — 160 and NH — 140) exhibit similar binding energies to Zr — BEA and
crystalline ZrSiO,, indicating a homogeneous dispersion of Zr in silica matrices. These results agree
with conclusions based on the XRD and IR spectroscopy.

DRUV — Vis spectroscopy was also applied to compare the zirconium dispersion in samples prepared
by NHSG and dry impregnation (NH — 160 and DI — 140; Fig. 2D). Four absorption maxima were
observed in both zirconosilicates at ca. 45500, 41800, 38500, and 33200 cm™. While the absorption
maximum at the highest wavenumber (45500 cm™, i.e., 220 nm) corresponds to ligand-to-metal charge
transfer (LMCT) in Zr— O— Si bridges in four-coordinated Zr, the maxima at lower wavenumbers
come from the Zr species with increasing coordination numbers in zirconia clusters containing a higher
content of Zr— O— Zr linkages [55,56]. In accordance with the previous results (IR and XPS
spectroscopy, XRD) the maximum intensity for the band at 45500 cm™ was observed in NH-160, and
the amplitude of bands of lower wavenumbers was decreasing (Fig. 2D, Fig. 1S). In sample DI — 140
all bands reached similar intensities (not decreasing contrary to NH — 160), indicating a higher
content of zirconia clusters (Fig. 2D, Fig. 2S). These results confirm a more homogeneous Zr dispersion
in NH — 160 in comparison to DI — 140.

The scanning transmission electron microscopy combined with the energy-dispersive spectroscopy
(STEM — EDS) was applied to further study the Zr dispersion in NH — 160, NH — 140, and DI —
140 (Fig. 3 and 3S). While the Si, 0, and Zr elemental maps for NHSG-prepared samples overlap and
show homogeneously distributed Zr, the micrographs recorded for DI-140 displayed clear and marked
differences in Zr content among the catalyst particles. Thus, the STEM — EDS analysis agrees well
with results observed in IR, XPS, and DRUV — Vis spectra, and XRD.

The Zr incorporation was further studied by NMR analyses. 2°Si CPMAS NMR spectra (Fig. 4S) were
very similar for NH — 160, NH — 140, and DI — 140.

Fig. 3. STEM — EDS elemental maps of samples NH — 140 (a) and DI — 140 (b). Color code: Violet - O, green - Si, and
grey-Zr.



Three signals at — 91, — 100, and — 110 ppm were observed in all three samples representing
Si(0Si)2(0X);, Si(0Si)3(0X), and Si(0Si)4, species, respectively (X = H or Zr) [38]. No significant
difference was observed, probably due to a relatively low Zr loading in zirconosilicate samples.

Chemisorbing triethylphosphine oxide (TEPO) on zirconosilicate samples and collecting 3P
MAS NMR spectra was used to further understand the Zr dispersion and get a preliminary insight into
the acid site quality (Fig. 4) [57-59]. Two major signals at 66 and 74 ppm and one minor peak at 101
ppm were observed in all three samples, probably representing three different acid sites. The chemical
shift of observed chemisorbed species can be used to compare the acid site strength: the more
downfield (i.e., higher chemical shift) the signals appear, the stronger the interaction between TEPO
and the acid site [57].

*'P MAS NMR .66
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Fig. 4. 31P MAS NMR spectra collected after triethylphosphine oxide chemisorption on zirconosilicate samples. Asterisks
denote spinning sidebands.

Comparing the spectra of NH — 160 and NH — 140 with DI — 140, it can be concluded that NHSG-
prepared samples contained significantly more stronger acid sites (signal at 74 ppm) than sample
prepared by dry impregnation, governed by a peak at 66 ppm. These two major signals represent acid
sites of medium strength [57]. The minor peak at 101 ppm (strong interaction between the acid site
and TEPQO) [57,58] exhibits only a low intensity. Still, it seems to be present in higher quantities in
NHSG samples compared to DI — 140.

Noteworthy, a similar pattern to NHSG-prepared zirconosilicates was observed in 3P NMR spectra of
trimethylphosphine oxide (TMPO) chemisorbed on Sn—, Zr-, and Hf — BEA zeolites (i.e., two main
signals shifted downfield from physisorbed TMPO by ca. 14 and 18 ppm, respectively) [59]. In NH —
160 and NH — 140 the two main chemisorbed TEPO signals were shifted downfield by ca. 14 and 22
ppm from physisorbed TEPO molecules (~52 ppm), respectively [58]. On the contrary, TMPO



adsorbed on Si — BEA zeolite decorated with Sn0; particles showed only a broad resonance
representing physisorbed TMPO molecules. Thus, TMPO adsorption unambiguously distinguished
metal oxide particles supported on zeolite from the well-dispersed Lewis acid sites (Sn, Zr, Hf) in
zeolite matrices [59]. Therefore, the 3P NMR spectra of adsorbed TEPO species confirm the
homogeneous Zr dispersion in NHSG — prepared samples and the formation of three different acid
sites with medium (66 and 74 ppm) to strong (101 ppm) acid site strength.

3.4. Acid sites characterization

The amount, nature, and strength of acid sites were determined by pyridine adsorption followed by
FTIR analysis (Fig. 5A-D and Table 3). The FTIR spectra of adsorbed pyridine revealed the presence
of an intensive absorption band at 1445 cm™ and a barely visible absorption band at 1545 cm™
attributed to pyridine interaction with the Lewis and Brpnsted acid sites, respectively (Fig. 5A-C).
Mostly Lewis acid sites are present in the samples. Their total amount was determined by integrating
the intensity of the absorption band at 1455 cm?; the molar extinction coefficient according to Emeis
[60] was used in calculations. A presence of a negligible amount of Brpnsted acid sites in the samples
is questionable similar to other zirconosilicate materials [18-20,24,52]. The characteristic band at 1545
cm* displays a very weak intensity, similar to rotational bands of water vapor present in the chamber
of the IR instrument. Eventually, OH groups in zirconosilicates have been reported as too weak to
protonate pyridine [18]. The clear-cut answer regarding Brpnsted acid sites could not be obtained from
3300- 3800 cm region either (Fig. 5D). While the presence of a broad absorption band between 3400
and 3700 cm™ could be explained as an indication of Brpnsted acid sites [61], it might also originate
from the presence of remaining water that was not completely desorbed under the degassing
conditions.

Table 3 Amount and strength of Lewis acid sites in NHSG-prepared zirconosilicates and benchmark catalyst prepared by dry
impregnation estimated by pyridine adsorption combined with IR spectroscopy (spectra used to obtain these

Sample Total acid sites Acid sites after Acid sites after
(mmol 7 D desorption at 150 °C (%) desorption at 250 °C (%)
MH- 0,063 62 23
160
MH- 0,085 74 13
140
DI-140 044 59 11

The presence of non-completely desorbed water molecules could be further corroborated by a broad
absorption band at 1640 cm™ arising from deformation vibration in H,O (Fig. 5A-C). Therefore, the
existence of Brpnsted acid sites in the zirconosilicate catalysts can not be unambiguously confirmed.

The strength of Lewis acid sites was approached by looking at a fraction of sites that were preserved
after degassing at 150, 250, and 350 °C (Table 3). The analysis of pyridine desorption shows that NHSG-
prepared catalysts NH — 160 a NH — 140 and the DI-140 sample possess weak and medium-
strength Lewis acid sites (pyridine mostly desorbed at 250 °C; no pyridine after evacuation at 350 °C).
The fractions of sites preserved after degassing at 150 °C and 250 °C are very similar among the samples
(62-74 % and 11-23 %, respectively), indicating similar strength distribution of the acid sites.
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Fig. 5. IR spectra of NH — 160 (A), NH — 140 (B), and DI — 140 (C), degassed, and after pyridine adsorption and degassed
at different temperatures. IR spectra of OH region of all three degassed samples (D). A quantitative analysis of the data is
presented in Table 3.

The most apparent difference between the samples was observed in the acid site numbers. The total
amount of acid sites in the studied catalysts varied from 0.044 to 0.085 mmol g* (Table 3), with DI —
140 containing the lowest number of acid sites and NH — 140 reaching the highest acid site number.
These values found for the different samples support the findings of previously described methods
(IR, XPS, and DRUV — Vis spectroscopy, STEM — EDS, XRD): Samples with homogeneous Zr
distribution (NH — 160 and NH — 14.0) feature higher acid site numbers than DI — 140 containing
poorly dispersed Zr, though DI — 140 displays a higher Zr bulk and surface concentration (ICP —
OES, XPS, Table 1). The slightly higher concentration of the Lewis acid centers in the NH — 140
sample compared to NH — 160 is consistent with the slightly higher concentration of Zr inthe NH —
140 sample (Table 1).

Recently, the influence of acid site quality in heterogeneous catalysis has been thoroughly discussed,
particularly the open and closed acid sites in the case of Zr — BEA zeolites [21,24,59]. Here, we have
observed mostly Lewis acid sites with similar strength according to the pyridine adsorption followed
by FTIR analysis. However, 3*P NMR spectroscopy of chemisorbed TEPO suggested some differences
in acid site quality: NHSG — prepared samples contained more stronger acid sites. Despite the
similarities between the 3P NMR spectra obtained here and by Lewis on Zr — BEA zeolites with
adsorbed TMPO [59], it is impossible to give a more precise and clear-cut answer regarding the acid
sites quality in zirco-nosilicates presented herein due to the lack of literature data. Therefore, in the



following discussion on catalytic properties, we will stick to the data gained from pyridine adsorption
followed by FTIR analysis.

3.5. MPV redox reaction and aldol condensation in batch

Two catalytic experiments in the liquid phase in batch connected to the ETB process were performed
with all three zirconosilicate samples: (i) MPV redox reaction and (ii) aldol condensation. Either the
former or the latter reaction has been reported as the rate-limiting step of the ETB process (Step 2
and 4, Scheme 1) in various mechanistic and kinetic studies [4]. The dehydration reactions (Step 3 and
5, Scheme 1) are easily achieved at the reaction conditions used in the ETB process (T = 325-425 °C)
[4]. Therefore, we decided to study MPV redox reaction and aldol condensation individually and in
more detail. However, different substrates have been chosen to work at lower temperatures, in the
liquid phase, batch.

First, cyclohexanone was reacted with isopropanol providing cyclo-hexanol and acetone (MPV redox
reaction; Scheme 3) [38,52,62]. No other products were observed. Thus the cyclohexanol yields (Fig.
6A) followed the cyclohexanone conversions. The activity in the performed reaction followed the
number of Lewis acid sites: NH — 140 > NH — 160 > DI — 140. These results are in good
agreement with Sushkevich et al., [23] who studied the MPV reduction of crotonalde-hyde with
ethanol over Zr-containing catalysts. The authors concluded that the initial crotyl alcohol formation
rates followed the Lewis acid site numbers. Similarly, Zhu et al. reported much higher activity for well-
dispersed Lewis acid Zr sites in Zr — BEA zeolite in cyclohexanone and tert-butylcyclohexanone
reduction by isopropanol in comparison to the supported Zr0; catalysts [52]. The materials presented
herein showed much lower catalytic activities than exhibited by Zr — BEA zeolites at similar
conditions (19.3 % cyclohexanone conversion after 4 h vs. 94.5 % after 30 min exhibited by NH — 140
and Zr — BEA zeolite with Si:

0 OH
OH O
Scheme 3. MPV reduction of cyclohexanone with isopropanol.

Zr ratio equal to 100, respectively) [52]. Zirconosilicate catalysts NH — 140, NH — 160, and DI —
140 showed comparable cyclohexanone conversions to mostly amorphous zirconosilicates-Zr — BEA
zeolites (42-89 % conversion after 5 h) [62].

Similar results were obtained for aldol cross-condensation of benz-aldehyde with acetone (Scheme 4).
This reaction provided benzalace-tone solely. Thus, the conversion and benzalacetone yield were equal
(Fig. 6B). Similar to MPV redox reaction, the activity followed the Lewis acid site numbers: NH —
140 > NH — 160 > DI — 140. This finding agrees well with Ordomsky et al., who confirmed the key
role of Lewis acid sites in aldol condensation of acetaldehyde over Zr0,—Si0; catalyst [63]. However,
it is noteworthy that all catalysts presented in this study perform significantly worse than Zr-
containing zeolites [64]. While NHSG-prepared catalysts reached a maximum 1.6 % benzalacetone



yield after 4 h, the Zr — BEA zeolite exhibited 94 % conversion with 98 % selectivity to benzalacetone
after 5 h [64].

The results clearly show the importance of Lewis acidity in both MPV redox reaction and aldol
condensation in agreement with the literature [23,52,62-64]. Activities in both reactions followed the
Lewis acid site numbers. Importantly, the Lewis acid site numbers were governed by the Zr dispersion
in zirconosilicates: materials prepared by NHSG exhibited better Zr dispersion and catalytic activity
than the catalyst prepared by dry impregnation.

Noteworthy, MPV redox reaction and aldol condensation reaction are the key steps of the ETB
process [4]. However, both individual reactions were performed under different conditions (low
temperature, liquid phase, batch) and applying different substrates. Therefore, the results must be
compared and considered carefully when studying the ethanol-acetaldehyde conversion to BD (see
Section 3.6).

3.6. Ethanol-acetaldehyde mixture conversion to 1,3-butadiene

Zirconosilicates prepared by NHSG (NH — 160 and NH — 140) were tested as catalysts for the gas-
phase ethanol-acetaldehyde mixture (2.5:1 mol ratio) transformation to 1,3-butadiene at 255, 290,
and 325 °C. The catalytic properties of NHSG-prepared materials were compared to the benchmark
catalyst prepared by dry impregnation on NHSG prepared support (DI — 140). The support for DI —
140 was prepared by NHSG method to avoid significant porosity differences that would impair the
fair comparison.

Ethanol-acetaldehyde mixture was used to skip the first step of the ethanol-to-butadiene
transformation (Scheme 1, step 1) due to the absence of sites promoting ethanol dehydrogenation in
our catalysts. Redox sites were omitted on purpose to focus on the reactions that take place on acid
sites, namely aldol condensation, dehydration, and MPV redox reaction (Scheme 1, steps 2-5).

The major products of the catalytic reaction were butadiene and ethylene, accounting for > 97 % of
the selectivity. Ethylene was formed in a side reaction (direct dehydration of ethanol) [65]. Frequently,
ethylene is the major by-product of ethanol to butadiene transformation over acid materials (e.g.,
metal silicates) [18,41]. Propene, all butene isomers, and diethyl ether were observed in negligible
amounts. Carbon balances fluctuated in the 89- 107 % range (Tables 1S and 2S).

The total conversion of the ethanol-acetaldehyde mixture decreased in the order NH — 140 > NH —
160 > DI — 140 at all temperatures and thus followed the Lewis acid site numbers (Fig. 7A), similar
to other reports on catalysts based on Zr in silica [16]. Notably, this trend followed the results
presented in Section 3.5 (MPV redox reaction and aldol condensation performed in batch). The
influence of Zr dispersion homogeneity could be discerned: more homogeneous samples (prepared
by NHSG) perform better. The highest conversion (78 %) was observed at 325 °C for NH — 140.
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Fig. 6. Catalytic performance of zirconosilicate catalysts in MPV cyclohexanone reduction (A)
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Scheme 4. Aldol condensation of benzaldehyde and acetone followed by dehydration providing benzalacetone as the final
product.

Butadiene yields followed mostly the conversion patterns (Fig. 7B). However, the actual BD yield
values were lower by 7-15 % compared to the respective conversion rates. This is due to the ethylene
production, which accounted for 10-15 % vyield at 325 °C (Table 2S). The most productive catalyst
towards butadiene (NH — 140; 60 %, Table 2S) was also the most productive towards ethylene (15
%, Table 2S). Higher ethylene productivity over acid catalysts displaying higher activity in ETB process
has already been described previously and explained by the higher amount of acid sites [18,41]. The
highest number of Lewis acid sites in NH — 140 out of the studied catalysts is in good agreement with
these results (Table 3). As the fraction of the acid sites preserved after desorption at 150 and 250 °C
remained similar among the samples (Table 3), the number of stronger acid sites was higher in this
sample in comparisonto NH — 160 and DI — 140. Solid acids with stronger acid sites produced more
ethylene than the weaker ones [44,46]. Therefore, it can be suggested that NH — 140 generated more
ethylene due to the higher number of stronger acid sites.

The selectivity to BD was compared at 290 °C for NH-160 and NH-140 and at 325 °C for DI — 140
(similar conversion levels ranging from 59 % to 65 %; Table 1S and 2S). The highest selectivity was
exhibited by DI — 140 (89 %), closely followed by NH-140 (87 %). NH — 160 displayed somewhat
lower BD selectivity (74 % at 290 °C). This was reflected in the butadiene yields (Fig. 7B), where DI —
140 outperformed NH — 160 at lower temperatures.
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Fig. 7. Ethanol-acetaldehyde conversion (A) and butadiene yield (B) of zirconosilicate samples during catalytic tests.

The values of conversion (75 %), butadiene selectivity (80 %), and butadiene productivity (0.39 gg™* h°
1) exhibited by NH — 140 at 325 °C compare well and often outperform other catalysts applied in the
ethanol-acetaldehyde conversion to BD and ETB process at similar temperatures (Table 4). The
WHSV (0.65 g h'l) to achieve these promising results was rather low, comparable to catalysts based
on zeolites, including Ta — BEA and both pure and hierarchical Zr — BEA catalysts [17,25,28,29,66].

Table 4 Catalytic performance of related materials in the ethanol-acetaldehyde conversion to BD and ETB process.
Catalysts without dehydrogenation promoter using ethanol-acetaldehyde mixtures as feedstock are reported in the first
part of the table. Catalysts with dehydrogenation promoter (Cu, Ag, Zn) using pure ethanol as a feedstock are shown in the
second part of the table.

Catalyst WHsV (gg 'h'") Temperature (°C) Conversien (%) BD selectivity (%) BD productivity (g ¢ 'h') Reference
NH-140 0.65 325 75 a0 0.39 This work
Zr-BEA 1.04 325 58 70 0.42 [25]
Zr-BEA hierarchical 1.04 325 58 75 0.45 [25]
Zr-BEA+mesopores 1.0 325 56 66 0.37 [66]
Zr05/NanoSiOs 1.8 320 59 93 0.99 [20]
Zr0,-5i05 HSG 1.8 320 45 70 0.57 [19]
Ta;0s-5i04 1° 350 a7 30 . [15]
Ta-BEA 0.5 325 44 a7 0.31 [28]
Cu-Ta-BEA 0.5 325 88 73 0.32 [29]
Ag-Zr-BEA 0.64 320 30 64 0.12 [17]
Ag-Zr0;-5i02 0.45 325 86 69 0.27 [18]
Zn-Ta-TUD 5.3 400 94 73 3.64 [26]
aLHSV (h2).

The reason for this similar behavior might be a significant microporosity in all micro-mesoporous
zirconosilicates presented herein; catalysts with more open porosity might achieve significantly higher
BD productivities [20,26]. Strikingly, the Zr — BE A zeolites showed much better results in MPV redox
reaction and aldol condensation performed in liquid phase (see Section 3.5) [52,64], but the Zr — BEA
zeolites exhibited rather similar catalytic performance in butadiene production from ethanol-
acetaldehyde mixtures to NHSG-prepared catalysts presented herein (Table 4).

As catalyst deactivation presents a major issue for the targeted application, the catalytic tests at 325
°C were continued for 14 h TOS to assess the stability of the catalysts (Fig. 7). Both conversion and BD
yield tended to decrease slowly (from -3 % to -9 % drop after 14 h, Table 3S) for all studied catalysts.



The sample DH — 160 was the most stable: its conversion decreased from ~50 % to ~47 % only (Table
3S). The samples prepared at 140 °C lost slightly more catalytic activity. The reason for these subtle
differences might be both in different porosity properties and/or lower conversion rates exhibited by
DH — 160. BD selectivity was stable for all three studied catalysts during 14 h TOS.
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Fig. 8. Conversion and butadiene selectivity of sample NH — 140 during catalytic stability test (325 °C, 90 h, WHSV =0.65
gglhi).

The catalytic stability of the most active and BD-productive sample (NH — 140) was additionally
studied for 90 h at 325 °C applying the same WHSV (0.65 g g* h; Fig. 8). In a good agreement with
preliminary stability tests (14 h, Fig. 7, see above) the butadiene selectivity was stable, while
conversion decreased in time. The extended experiment time revealed that the conversion
deterioration takes place mainly during first 20 h of the catalytic reaction (~12 % conversion loss),
while a slower deactivation rate was observed during additional 70 h of experiment (~5 % conversion
loss).

The slow deactivation trend with stable selectivity to BD was also observed for tantalum oxide
supported on mesoporous silica [15]. On the contrary, the stability of Zr — BEA zeolite has been
reported to achieve poor results. Microporous Zr — BEA lost ~22 % ethanol/acetaldehyde conversion
during 6 h TOS at 325 °C. The deterioration rate was improved in the case of hierarchical Zr — BEA.
The best material lost 14 % conversion under identical conditions [25]. Similarly, the Zr — BEA zeolite
containing mesopores and high Zr loading lost ~28 % conversion after 100 h TOS, while selectivity to
butadiene was stable [66]. The activity losses reported for both fully microporous and hierarchical



Zr — BEA zeolites are significantly worse than for micro-mesoporous zirconosilicates presented
herein highlighting the decisive advantage of NHSG synthetic approach.

4. Conclusions

In this study, we have broadened our previous work on nonhydrolytic sol-gel condensation between
silicon tetraacetate and zirconium tetrakis(diethylamide) in 1:1 molar ratio [38]. The reaction
conditions enabling reaching the Si: Zr molar ratio 64:1 have been discerned: autoclave, 140/160 °C.
It has been found that Pluronic F127 is not stable at 160 °C in the presence of zirconium and
decomposes. As a result, zirconosilicate NH-160 prepared at 160 °C exhibited a broad pore size
distribution. On the other hand, the application of silicon tetrachloride enabled to obtain gels at lower
temperature (140 °C), preserve Pluronic F127, and obtain, after calcination, micro-mesoporous
products (17-26 % micropore volume) with a hysteresis in medium pressure range in their isotherms
and pore size maxima of 3.7 nm.

The structure of NHSG-prepared zirconosilicates was described by IR, DRUV — Vis, XPS, and NMR
spectroscopy, STEM — EDS, and XRD and compared to the benchmark sample prepared by dry
impregnation on support with similar porosity (NHSG-prepared). It has been shown that NHSG
condensation provides materials with a better zirconium dispersion in the silica matrix than the
conventional dry impregnation technique. This was reflected in the number of Lewis acid sites
(estimated by IR spectroscopy combined with pyridine adsorption). The NHSG-prepared
zirconosilicates contained up to double the number of Lewis acid sites present in the benchmark
sample prepared by dry impregnation.

The studied zirconosilicates were applied as heterogeneous catalysts in ethanol-acetaldehyde
conversion to butadiene, MPV reduction of cyclohexanone with isopropanol, and aldol cross-
condensation of benzaldehyde with acetone. The activity of zirconosilicate catalysts in all three
reactions followed the Lewis acid site numbers and in ethanol-acetaldehyde conversion to butadiene
was comparable to Zr — BEA-based catalysts. Selectivity to butadiene was high for all materials (76-
90 % at 325 °C). The best catalyst (mostly mesoporous zirconosilicate prepared by non-hydrolytic sol-
gel, NH — 140) displayed an average 75 % ethanol-acetaldehyde conversion with 80 % butadiene
selectivity at 325 °C (WHSV = 0.65 h!). The micro-mesoporous zirconosilicate materials reported
herein showed improved stability in ethanol-acetaldehyde conversion in comparison to Zr — BEA-
based materials. Selectivity to butadiene was stable during both preliminary (14 h) and extended (90
h) stability test; conversion decreased by 12 % after first 20 h TOS and by 5 % after additional 70 h
TOS.
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