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sol–gel synthesis of mesoporous
Ag–Ta–SiO2 catalysts for the direct upgrading of
ethanol to butadiene†

Denis D. Dochain,a Antoine Van Den Daelen,a Ales Styskalik,b Vit Vykoukalb

and Damien P. Debecker *a

The Lebedev process, or the direct catalytic conversion of bioethanol to butadiene, offers an up-and-

coming sustainable alternative to the petrochemical route toward this high-demand C4 hydrocarbon.

Since the reaction mechanism involves a cascade of dehydrogenation, hydrogen transfer and

dehydration steps, a bifunctional catalyst combining both redox (for the dehydrogenation reaction) and

acid (for hydrogen transfer and dehydration reactions) functionalities is required. Multi-step preparation

methods are typically implemented to obtain tailored bifunctional catalysts, and one of the challenges is

to balance the two functions to maximize the BD yield. Here, we disclose a straightforward, one-step,

and continuous preparation method of Ta-doped SiO2 loaded with Ag nanoparticles by coupling sol–gel

chemistry with aerosol processing. Combining tantalum ethoxide, silver nitrate, hydrolysed tetraethyl

orthosilicate and pluronic F127 as templating agent in the aerosol process leads to mesoporous

bifunctional catalysts featuring a specific surface area between 310–370 m2 g−1, a pore volume of ca.

0.5 mL g−1 and an average pore diameter of 5 nm. As attested by a variety of characterization

techniques, the method leads to the homogeneous incorporation of highly dispersed tantalum species in

the silica matrix, thereby creating the required acidic sites. These new catalysts have higher dehydration

activity, as compared to the corresponding reference catalysts prepared by classical impregnation.

Concomitantly, relatively small silver nanoparticles are stabilized (∼15 nm). The relative Ta and Ag loading

can be tuned easily. In the ethanol to butadiene reaction, these aerosol-made catalysts achieve

a butadiene yield of ca. 25% by optimizing the relative loadings of Ta and Ag, outcompeting the

corresponding formulations prepared by impregnation.
Sustainability spotlight

Current butadiene production relies primarily on naphtha steam cracking, a non-sustainable and energy consuming process.3 With the rise of shale gas,
butadiene shortages and price increases are also expected.2 Effective and selective on-purpose butadiene production from sustainable bioethanol would mitigate
our dependence towards fossil resources. To that end, we must develop new catalytic formulations that exhibit the right balance between dehydrogenation and
dehydration activity. Stepping away from multi-step graing/impregnation/hydrothermal preparation, we disclose a direct, continuous, low waste, low energy
preparation method, based on reactive aerosol processing. Mesoporous Ag–Ta–SiO2 catalysts are readily obtained and feature advantageous texture, highly
dispersed acidic TaOx species, and small Ag nanoparticles. Research on the ethanol-to-butadiene reaction aligns with UNSDG number 9, 12, 13.
1. Introduction

The polymer industry is constantly evolving, facing numerous
challenges in the current transition to a more sustainable
society. The tire and nylon sectors depend heavily on 1,3-
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butadiene (BD) as a monomer.1 BD is traditionally obtained
through the steam cracking of naphtha as a by-product of
ethylene production; its market is currently under tension
mainly due to the rising of shale gas.2 In fact, the weight ratio
butadiene/ethylene sits at around 0.02 for ethane cracking, the
main component of shale gas, compared to 0.13 for naphtha
cracking.1 This difference could lead to a further unbalance in
the BD market. Thus, alternative and more sustainable ways to
produce BD are needed.

Bio-based processes are currently considered as potential
candidates to substitute the petroleum industry, in particular
bioethanol valorisation.3–7 The production of bioethanol
RSC Sustainability, 2023, 1, 599–608 | 599
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Scheme 1 Direct conversion of ethanol to butadiene according to the Kagan mechanism for the Lebedev process,14 which occurs in 5 steps: (1)
non-oxidative dehydrogenation of ethanol (EtOH) to acetaldehyde (AA); (2) condensation of two AA molecules into 3-hydroxybutanal (ace-
taldol); (3) acetaldol dehydration to crotonaldehyde; (4) production of crotyl alcohol and AA via a Meerwein–Ponndorf–Verley (MPV) reduction
with ethanol; (5) dehydration of crotyl alcohol to butadiene.14,17 In parallel, acid-catalysed dehydration of ethanol to diethylether or ethylene is
unwanted.
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reached 120 billion litres in 2017 and is expected to rise above
130 billion litres by 2024.3 This important platform molecule
has a wide array of applications,4,5 among which the catalytic
upgrading to butadiene is attracting a lot of attention.3,8–14

Historically, Ostromislensky et al. proposed in 1915 a process to
synthesize butadiene from a mixture of ethanol and acetalde-
hyde.15 During the 1930s, another industrial process developed
by Lebedev emerged where butadiene is obtained directly from
ethanol.16 The technology made it possible to produce synthetic
rubber, notably during the Second World War. Aer the Second
World War, petroleum-based processes took over,1 and research
on the subject declined until the last 10–15 years. Nowadays,
a blooming interest in bio-based processes for the substitution
of the petroleum industry is observed.3–6 In this context, the
Lebedev process is considered more interesting from an envi-
ronmental and economic point of view compared to the
Ostromislensky.3

For acid catalysts, the generally accepted reaction mecha-
nism is the “Kagan mechanism”, consisting of a complex
network of dehydrogenation, hydrogen transfer and dehydra-
tion steps (Scheme 1).17,18 To trigger the different types of
reactions and obtain butadiene, a bifunctional catalyst
featuring (i) redox sites for dehydrogenation and (ii) acid sites
for hydrogen transfer and dehydration is needed. The aldol
condensation of acetaldehyde to acetaldol has been generally
described as the rate limiting step when considering mixed
oxide catalysts from periodic group 4 and 5.19–25 This step is
thought to be catalysed by so-called Lewis open sites, i.e. iso-
lated atoms in a tetrahedral position connected to three Si–O–
groups and one OH moiety.24,26 In addition, emphasis is oen
made on the MPV reduction step involving ethanol and croto-
naldehyde to produce crotyl alcohol, although it is currently not
recognized as the rate limiting step.23,27–29 But when considering
MgO–SiO2 catalytic systems, the rate limiting step is believed to
be the acetaldehyde formation, meaning that the type of active
sites (acid or basic) determines the rate limiting step.11,13,30

In terms of catalysts formulations, acidic transition metal
oxide-based catalysts such as Ta–SiO2 or Zr–SiO2 promoted with
nanoparticles of Ag, Cu, Zn, Co or Fe have been extensively
600 | RSC Sustainability, 2023, 1, 599–608
described in the literature.1,12,18,23,26,31,32 To solve the different
limitations such as poor metal dispersion or lack of control on
the active elements speciation – which tend to arise using
classical synthesis methods such as impregnation – advanced
synthesis protocols have been proposed to achieve better
homogeneity and well dispersed metal nanoparticles.1,14,18,23 Ta-
based zeolites, promoted with Ag, Cu or Zn are another class of
effective catalysts.25,33–35 Here, diffusion limitations associated
with the microporosity of zeolite-based catalysts are tackled by
proposing mesoporous or hierarchically porous materials that
facilitate mass transfer or provide larger external specic
surface area.25,35

Arguably, sol–gel chemistry offers unique opportunities to
tailor the properties of such bifunctional catalysts.36,37 Through
these versatile techniques, molecular precursors undergo
hydrolysis and inorganic polycondensation reactions to create
a solid material. Playing with reactions conditions, nature of
precursors, use of additives such as reactivity modiers and
sacricial pore-generating agents, a large array of formulations
can be achieved, with tuneable composition, surface chemistry,
porosity, etc.36

In the so-called “aerosol-assisted sol–gel” process (AASG),
a precursors solution is atomized in the form of air born
droplets which are rapidly dried.38–41 During drying, the solvent
evaporates, and molecular precursors undergo inorganic poly-
condensation reactions. The addition of templating agents in
the precursors solution allows controlling the texture of the
nal material.36 This aerosol route was shown to give access to
a variety of efficient (mixed) oxide catalysts with a high degree of
control on homogeneity and texture.41–44 The method can also
be used to prepare supported metal nanoparticles.45–47

This prompted us to explore the potential of AASG to obtain
mesoporous Ta–SiO2 catalysts promoted with Ag nanoparticles
and to assess their performance in the ETB reaction. The cata-
lysts are compared to similar formulations obtained from
commercial supports and via classical impregnation. We
rationalize the catalytic performance by characterizing the
texture, acidity, and active species dispersion.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1 Catalyst preparation

AASG. Precursors solution A is prepared by mixing 12 g of
tetraethylorthosilicate (TCI Chemicals, >97.0%) with 20 g of
nitric acid 0.01 M (prepared fromHNO3 65%Merck, Darmstadt,
Germany) to hydrolyse the silicon precursor overnight. Solution
B is prepared by mixing (overnight) 3.88 g of pluronic F127
(Sigma-Aldrich), 45 g of absolute ethanol (VWR, >99.8%) and 8 g
of distilled water. Both solutions are then put together and the
desired amount of tantalum(V) ethoxide (ABCR 99.99%, diluted
with an equimolar amount of acetylacetone, Sigma-Aldrich
>99%), as well as silver nitrate (VWR, 99.9%) are added to the
mixture and le to stir for 30 minutes before the spray-drying
process. This precursor solution is atomized with a Six-jet
atomizer 9306 from TSI using a compressed air ow of 30 psi,
and dried by passing through a tubular furnace set at 450 °C
(residence time around 1 second).48 The resulting powder is
recovered on 0.45 mm nitrocellulose lters (Sartorius Stedim,
Goettingen, Germany) and calcined at 500 °C (owing dry air,
5 °C min−1 and a 5 h dwell). These aerosol-made samples are
denoted “xAgyTa–SiO2”, where x is the nominal Ag loading
(wt%), y is the nominal Ta loading (wt%), and the dash “–”

indicates that both active elements have been incorporated
directly in one-step (as opposed to reference samples prepared
by impregnation, see below). “yTa–SiO2” catalysts are prepared
according to the same one-step aerosol protocol but omitting
the addition of Ag. A pristine mesoporous silica was also
prepared according to the same protocol, but omitting the
addition of both Ta and Ag (simply denoted “SiO2”).

Dry impregnation. SiO2 made by aerosol was impregnated
with 5 wt% Ta and 1 wt% Ag. The appropriate amount of
tantalum ethoxide was weighed inside a glove box and stored in
a sealed vial before being taken out of the glovebox. Silver
nitrate was weighed and both precursors were mixed in
a volume of absolute ethanol in the sealed vial corresponding to
the pore volume of the catalyst to impregnate. The mixture was
then added to the catalyst, stirred until a thick paste was ob-
tained. The paste was put to rest for 2 hours at room tempera-
ture and dried overnight at 100 °C. The powder was then
calcined at 500 °C (owing dry air, 5 °Cmin−1, 5 h). This sample
is denoted 1Ag5Ta/SiO2 where the dash bar “/” indicates that the
active components have been incorporated by impregnation.
The same protocol was applied on a commercial silica support
(silicon dioxide nanopowder, 10–20 nm particle size (BET),
99.5%, Aldrich), to prepare a reference catalyst denoted
“1Ag5Ta/SiO2-A”. Another sample was prepared by impreg-
nating silver nitrate on the 5Ta–SiO2 catalyst prepared by AASG
(sample denoted 1Ag/5Ta–SiO2).
2.2 Characterization

Textural properties (surface area, pore volume, pore size) were
determined by nitrogen physisorption at 77.4 K on a Tristar
3000 instrument from Micromeritics, USA. Prior to measure-
ment, samples were degassed at 150 °C for 8 h minimum. The
specic surface area was determined by the BET method with at
© 2023 The Author(s). Published by the Royal Society of Chemistry
least ve data points with relative pressure between 0.05 and
0.30.

Silicon, tantalum and silver content were determined on an
ICP optical emission spectrometer iCAP 6500 Duo from
Thermo, UK equipped with a solid-state generator with
a frequency of 27.12 MHz and a maximum power input of
1350 W.

X-ray photoelectron spectroscopy measurements were
carried out on a SSI X probe spectrometer (model SSI 100,
Surface Science Laboratories, Mountain View, CA) equipped
with a monochromatized Al-Ka radiation (1486 eV). The catalyst
powders previously pressed in small stainless troughs of 4 mm
diameter, were placed on an insulating home-made ceramic
carousel. The pressure in the analysis chamber was set at
around 10−6 Pa. The analysed area was approximately 1.4 mm2

and the pass energy was set at 150 eV. The Si 2p peak of carbon
has been xed to 103.5 eV to set the binding energy scale.49 Data
treatment was performed with the CasaXPS program (Casa
Soware Ltd, UK) and spectra were decomposed with the least
squares tting routine provided by the soware with
a Gaussian/Lorentzian (85/15) product function and aer
baseline subtraction.

Temperature programmed desorption of ammonia (NH3-
TPD) was performed on a Hiden CATLAB-PCS microreactor
connected to a mass spectrometer equipped with a quadrupole
separator. Samples (400–800 mm particle size) were rst dehy-
drated at 300 °C (10 °C min−1) for 1 h under Ar (40 ml min−1).
Ammonia adsorption took place at 150 °C for 40 minutes (20
mL min−1 of Ar, 5% vol NH3) before a 80 minutes purge under
Ar (40 mL min−1). The temperature was then increased to 600 °
C (10 °C min−1) to desorb ammonia.

FTIR spectra (4000–400 cm−1, 256 scans, resolution 4 cm−1)
were recorded on a Bruker Equinox 55 spectrometer (trans-
mission mode, through KBr pellets).

FTIR spectra aer pyridine adsorption were similarly recor-
ded. Catalysts were pelleted and degassed overnight at 350 °C.
Pyridine adsorption was carried out at room temperature. FTIR
spectra were taken at room temperature and aer 2 h degassing
under vacuum at 150 °C.

A transmission electron microscope Thermo Fisher F200C
equipped with a eld emission gun source, a 4k CCD camera
(FEI Eagle) and operated at 200 kV was used for sample visu-
alization. STEM-EDSmeasurements were performed on a F200C
Titan Themis instrument with a combination of a spherical
aberration image (Cs) corrector, a monochromator system,
sensitive ChemiSTEM technology, and a high-end GATAN GIF
Quantum energy lter for EELS and EFTEM with a new
enhanced piezo stage, FEI and GATAN soware, and a FEI Ceta
4x4k CMOS camera.
2.3 Ethanol to butadiene reaction

Calcined catalysts (0.192 g, pressed and sieved in the 0.20–
0.40 mm particle size range) were diluted with glass beads (0.5–
1 mm) in order to keep the volume of the catalyst bed constant.
The rest of the tubular reactor (stainless steel, 0.6 cm internal
diameter) was lled with silica beads. Before reaction, the
RSC Sustainability, 2023, 1, 599–608 | 601

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2su00080f


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

16
/2

02
5 

8:
39

:1
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
catalyst was pre-treated in situ by feeding hydrogen (30 vol% H2

in N2) for 1 h at 355 °C (silver reduction). Catalytic testing was
carried out by feeding 0.212 g h−1 of absolute ethanol (fed with
a NE-300 syringe pump) and 40 cm3 min−1 of nitrogen
(4.4 mol% of ethanol in N2). The WHSV was 1.1 h−1 unless
stated otherwise. The tests were carried out at atmospheric
pressure and from 325 °C to 385 °C with steps of 30 °C. Aer
a stabilization of 10 minutes at the set temperature, the gas
effluent was analysed on a VARIAN 3800 Gas Chromatograph (5
injections at each temperature, 15 min runtime per injection)
equipped with a ame ionization detector (FID) and a Restek Rt-
U-Bond column (30 m long, internal diameter of 0.32 mm, lm
thickness of 10 mm).
Fig. 1 N2-physisorption isotherms of SiO2 (blue D), 5Ta–SiO2 (purple
-), 1Ag5Ta/SiO2 (red B), 1Ag5Ta–SiO2 (green ×). Adsorption
isotherms are plotted as solid lines, desorption isotherms are plotted as
dotted lines.
3. Results and discussion
3.1 Comparing impregnation with one-pot aerosol

Here we compare on the one side a catalyst prepared in one-pot
using the AASG process and on the other side two reference
catalysts prepared by impregnation (either on a commercial
silica support (SiO2-A) or on an aerosol-made silica support
(SiO2)). We rst targeted formulations with 5 wt% Ta and 1 wt%
Ag.

ICP results in Table 1 are close to the nominal values aimed
for the Si/Ta ratio (65–76 for bulk Ta obtained vs. 75 aimed,
corresponding to 5 wt%). For Ag, we aimed at a Si/Ag ratio of 179
(corresponding to 1 wt%) and we generally obtained high
values, indicating a lower amount of Ag. XPS results conrms
that the impregnation process brings majority of active sites to
the surface of the catalysts, as shown by lower Si/Ta and Si/Ag
surface ratios relative to bulk ratios (Table 1).

The commercial silica support (SiO2-A) and 1Ag5Ta/SiO2-A,
textural properties are mainly macroporous, as shown by a type
III isotherm in Fig. S1.† The pristine AASG-made silica is
predominantly mesoporous (Fig. 1) with type IV isotherms
presenting a well-dened hysteresis loop, specic surface area
reaching 360 m2 g−1, large pore volume (0.61 cm3 g−1) and
a narrow mesopore size distribution, centred around 9 nm
(Fig. S2†). When incorporating Ta directly in the AASG process,
the texture was not signicantly affected. In the same way, the
bifunctional catalyst prepared in one-pot through AASG
(1Ag5Ta–SiO2) exhibited very similar isotherms and textural
parameters.
Table 1 Textural properties (N2 physisorption), bulk composition (ICP),

Sample SBET (m2 g−1) Vp
a (mL g−1) Dp

b (nm) Bulk Si/Tac

SiO2-A 190 0.61 14.3 —
1Ag5Ta/SiO2-A 140 0.57 16.2 77
SiO2 370 0.50 5.4 —
5Ta–SiO2 380 0.40 4.1 n.m.
1Ag5Ta/SiO2 340 0.51 6.0 65
1Ag/5Ta–SiO2 310 0.35 4.5 76
1Ag5Ta–SiO2 370 0.47 5.0 71

a Pore volume at P/P0 = 0.98. b Calculated as 4 Vp/SBET.
c Determined by I

602 | RSC Sustainability, 2023, 1, 599–608
The impregnation of Ag on the AASG-made 5Ta–SiO2 (1Ag/
5Ta–SiO2) or the simultaneous impregnation of Ta and Ag on
the AASG-made silica (1Ag5Ta/SiO2) only altered the textural
properties of the catalysts in a minor way; while the SSA and
pore volume tended to decrease marginally, the mesoporous
structure of the material was maintained (Fig. 1 and Table 1).
Similarly, the texture of the catalyst prepared by impregnation
on the commercial silica support (1Ag5Ta/SiO2-A), was not
strongly affected as compared to the support (slight decrease in
specic surface area and pore volume, and minor increase in
the average pore diameter (Fig. S3† and Table 1)).

In the ethanol-to-butadiene reaction, the bifunctional cata-
lyst prepared by impregnation of Ta and Ag on the commercial
silica (1Ag5Ta/SiO2-A) reaches ca. 45% of ethanol conversion
with 16% in butadiene selectivity and 24% in dehydration by-
products (ethylene + diethylether) and 42% of dehydrogena-
tion product (acetaldehyde) (Table 2). The catalyst prepared by
impregnation of Ta and Ag on AASG silica (1Ag5Ta/SiO2) is less
active (23% conversion), also showing a high selectivity for
acetaldehyde, together with a high selectivity for ethylene. The
catalyst prepared by direct AASG process (1Ag5Ta–SiO2), reaches
surface composition analysis (XPS), surface acidity (NH3-TPD)

Bulk Si/Agc Surface Si/Tad Surface Si/Agd Acid sitese (mmol g−1)

— — — —
214 n.m. n.m. n.m.
— — — —
— n.m. — —
215 8.7 14.2 2.4 × 10−2

192 72.5 34.2 6.1 × 10−2

222 62.5 57.0 4.1 × 10−2

CP. d Determined by XPS. e Determined by NH3-TPD.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Catalytic conversion of ethanol, yield and selectivity of butadiene and by-products; reaction conditions T = 355 °C, WHSV = 1.10 h−1

Catalyst
Ethanol conversion
(%)

Butadiene (%)
Acetaldehyde
(%) Ethylene (%)

Diethylether
(%) Others (%)

Yield Sel Yield Sel Yield Sel Yield Sel Yield Sel

1Ag5Ta/SiO2-A 43.5 6.9 15.9 20.1 46.2 3.6 8.4 7.0 16.0 5.9 13.6
1Ag5Ta/SiO2 22.6 2.3 10.3 9.4 41.7 9.5 42.2 0.01 3.1 0.01 2.7
1Ag5Ta–SiO2 80.6 1.8 2.2 13.9 17.2 46.3 57.4 3.3 4.1 15.3 19.0
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80% ethanol conversion but with a low acetaldehyde selectivity
and a very low BD selectivity (2%). This goes hand in hand with
a high selectivity towards ethylene, as a result of the direct
dehydration of ethanol, typically catalysed by acid sites.50–52

Characterisation of such acid sites is thus required to better
understand the catalytic behaviour and optimize the AASG
catalysts.
Fig. 2 Electron microscopy analysis of 1Ag5Ta–SiO2: (a) STEM; (b)
STEM-EDS of Ta; (c) STEM-EDS of Ag.
3.2 Characterizing the peculiarities of aerosol made AgTa–
SiO2 catalysts

With the intent to understand the catalytic behaviour of the new
formulations prepared by aerosol, we here undertake a thor-
ough characterization of the acidic and redox properties of the
catalyst (and compare them to impregnated catalysts). We
extend our investigations to various formulations containing 1,
2, 5, or 10 wt% of Ta and 1, 2, or 5 wt% of Ag.

TEM analyses reveal the morphology of the silica-based
microspheres formed through the aerosol process (Fig. 2).
Spherical particles with a diameter ranging from 50 to 500 nm
can be seen as well as the porosity created by the templating
agent (∼5 nm), compared to the more chaotic structure
observed for the commercial silica (Fig. S4a†). As expected, the
elemental mapping presented in Fig. S5a† conrms that the
impregnation method concentrates Ta and Ag species on the
surface of the microspheres. In the AASG-made catalysts, STEM-
EDS analysis shows well dispersed Ta throughout the silica
spheres (Fig. 2b) as well as Ag nanoparticles of around 10–
20 nm (Fig. 2c). Even aer increasing the silver loading to 5 wt%
(2Ag5Ta–SiO2), silver nanoparticles dispersion remains similar
(Fig. S6†).

Consistently, XRD shows Ag nanoparticles of 15 ± 3 nm
(Fig. 3). It should be noted that the uncalcinedmaterials already
contain some Ag nanoparticles of smaller size (∼8 nm, see
Fig. S7†). Upon calcination, the silver ions and/or the small
silver nanoparticles that are dispersed in the silica matrix sinter
to stabilize in the form of ∼15 nm sized Ag crystallites.
Importantly, the Ag crystallite size remains stable with
increasing silver loadings (1, 2 and 5 wt%, see Fig. 3). Further-
more, the presence of tantalum does not inuence the size of Ag
nanoparticle; for example, by doubling the tantalum loading
from 1 to 2 wt% coupled with 5 wt% Ag, the crystallite size
remains constant at 15 ± 2 nm (Fig. S7†). Thus, a good
dispersion of silver is maintained even at relatively high
loadings.

FTIR spectra were very similar for all catalysts, with the
typical main absorption bands originating from the silica
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 599–608 | 603
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Fig. 3 XRD diffractograms of catalysts containing different silver loadings.

Fig. 4 FTIR Spectra obtained on 1Ag5Ta–SiO2 (solid red line), 1Ag5Ta/
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matrix (Fig. S7†).53–57 The band at 750–850 cm−1 was attributed
to the symmetric vibration of Si–O–Si bonds whereas the most
intense absorption band at 1050–1065 cm−1 was ascribed to the
asymmetric stretching vibration of Si–O–Si. The distinct
shoulder at 1170–1220 cm−1 was due to SiO4 and their external
linkage. The two bands at 1580–1660 cm−1 and 3000–3700 cm−1

were respectively assigned to the bending of H–O–H bonds and
the stretching of O–H bonds. Interestingly, catalysts with Ta
incorporated through the aerosol process displayed an addi-
tional distinct band at 950 cm−1 (Fig. 4). This band corresponds
to the Si–O–Ta stretching mode.58,59 It suggests that tantalum
was effectively incorporated into the silica matrix through the
AASG process. Furthermore, the intensity of the band can be
correlated with the tantalum loading (Fig. S8†). As expected,
this band is absent in the pristine silica. Strikingly, this band is
not found in the impregnated catalysts (where TaOx is deposited
on the silica surface rather than incorporated in the silica
matrix). Thus, FTIR spectroscopy points to a very different
environment for Ta, depending on the preparation mode. Here,
NH3-TPD measurements (Table 1) complement FTIR by
bringing to light higher acidity for samples with Ta incorpo-
rated through the aerosol process (e.g. +71% for 1Ag5Ta–SiO2,
compared to 1Ag5Ta/SiO2, see Fig. S2† and Table 1).

Going further and looking at the identity of those acid sites,
pyridine adsorption followed by FTIR measurements were also
performed (Fig. S4†). These pointed to a higher concentration of
Lewis acid sites in the catalyst made by aerosol compared to the
impregnated one. This can be explained by a better insertion of
Ta inside the silica matrix. Si–O–Ta bonds shown in IR are
known to be more acidic than polymeric TaOx species. No
signicant Brondsted acidity was observed for both catalysts.
We note that a more precise description of the acidic sites
604 | RSC Sustainability, 2023, 1, 599–608
formed by the Ta–O–Si species in aerosol catalysts could
usefully be obtained via dedicated CO-FTIR experiments.60,61

Altogether, these characterization results substantiate the
benets of the AASG method. Both FTIR and NH3-TPD point to
the fact that homogeneously dispersed Ta within the silica
matrices through AASG displays higher acidity compared to
polymeric TaOx surface species, predominant in the impreg-
nation process. However, the high acidity of AASG catalysts also
leads to a high selectivity towards dehydration products
(ethylene and diethylether) (Table 2). Very similar results were
previously obtained via the non-hydrolytic sol–gel (NHSG)
process.14,62 NHSG catalysts displayed higher acidity leading to
higher production of ethylene. An important take away message
SiO2 (broken green line).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Catalytic conversion of ethanol, yield and selectivity of butadiene and by-products; reaction conditions T = 355 °C, WHSV = 1.10 h−1

Catalyst
Ethanol conversion
(%)

Butadiene (%)
Acetaldehyde
(%) Ethylene (%)

Diethylether
(%) Others (%)

Yield Sel Yield Sel Yield Sel Yield Sel Yield Sel

1Ag5Ta/SiO2-A 43.5 6.9 15.9 20.1 46.2 3.6 8.4 7.0 16.0 5.9 13.6
1Ag5Ta–SiO2 80.6 1.8 2.2 13.9 17.2 46.3 57.4 3.3 4.1 15.3 19.0
1Ag1Ta–SiO2 46.7 0.3 0.7 34.9 74.7 1.9 4.0 0.8 1.7 8.8 18.8
2Ag1Ta–SiO2 68.3 1.5 2.2 52.6 76.9 4.3 6.4 0.5 0.8 9.3 13.6
5Ag1Ta–SiO2 84.6 5.3 6.2 52.4 61.9 5.3 6.2 0.4 0.4 21.4 25.3
1Ag2Ta–SiO2 45.8 1.1 2.3 16.3 35.6 13.0 28.4 3.5 7.7 11.9 26.0
2Ag2Ta–SiO2 69.7 9.4 13.6 30.6 43.9 13.9 19.9 3.9 5.5 11.9 17.1
5Ag2Ta–SiO2 86.6 15.1 17.4 35.9 41.4 11.4 13.2 2.1 2.4 22.2 25.6

Fig. 5 N2-physisorption isotherms of 1Ag1Ta–SiO2 (purple >),
1Ag2Ta–SiO2 (redB), 2Ag2Ta–SiO2 (blue-), 5Ag2Ta–SiO2 (green×).
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is that AASG represents a reliable method to obtain highly
dispersed Ta species in silica matrices. Concomitantly, the
dispersion of Ag nanoparticles and the texture are maintained
for the various compositions that have been explored.
3.3 Optimizing the catalyst composition to boost butadiene
yield

In an attempt to understand the inuence of acid and redox
sites on the butadiene yield and selectivity, and to ultimately
Table 4 Catalytic conversion of ethanol, yield and selectivity of butadiene
WHSV = 1.10 h−1

Catalyst
Ethanol conversion
(%)

Butadiene (%)
Ace
(%)

Yield Sel Yie

5Ag2Ta–SiO2 325 °C 68.6 8.5 12.3 36.
5Ag2Ta–SiO2 355 °C 86.6 15.1 17.4 35.
5Ag2Ta–SiO2 385 °C 84.1 9.0 10.7 28.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mitigate the formation of unwanted by-products observed with
1Ag5Ta–SiO2, loadings of Ta and Ag have been modied (Table
3). Interestingly, the method allows tuning the composition
without modifying the textural properties (Fig. 5 and Table S1†)
or the active sites dispersion (Fig. S6†). Indeed, a similar mes-
oporous texture is obtained for all catalysts, even at high
loading, with constant pore sizes (Fig. 5).

By decreasing the tantalum loading (1Ag1Ta–SiO2), the
overall ethanol conversion was lowered, together with the
ethylene and diethylether selectivity. This conrms that Ta acid
sites are responsible for the formation of these dehydration by-
products. In conjunction to this, the dehydrogenation activity of
the catalyst was increased, as shown by the signicant increase
in acetaldehyde selectivity, from 17 to 52%. Nevertheless, BD
selectivity remained very low (<1%). By increasing the Ag
loading to 2 and 5 wt%, BD selectivity increased only to ca. 6%.
Still, the acetaldehyde yield reached 43%, a sign that the catalyst
lacks the ability to effectively convert acetaldehyde to croto-
naldehyde over the appropriate acid sites. To overcome this
issue, the Ta loading was also increased (to 2 wt%). Combined
with 1 wt% of Ag, acetaldehyde yield sat at 13.5% whereas
dehydration by-products (ethene, x, y) reached a combined yield
of ca. 15%, a sign that the catalyst demonstrates balanced
dehydration and dehydrogenation activities. Yet, BD selectivity
remained under 1%. With the increase of the Ag loading to 2
and 5 wt%, BD yields rose respectively to 9.4 and 15.1%. In
parallel, selectivity towards dehydration by-products was grad-
ually decreased. When considering the overall effect of the Ta
loading, its increase systematically led to an increase in BD
selectivity combined with a decrease in acetaldehyde selectivity.
This is consistent with previous claims of the importance of the
and by-products in function of the temperature; reactions conditions:

taldehyde
Ethylene (%)

Diethylether
(%) Others (%)

ld Sel Yield Sel Yield Sel Yield Sel

6 53.4 6.8 9.9 3.6 5.3 13.1 19.1
9 41.4 11.4 13.2 2.1 2.4 22.2 25.6
6 34.0 3.6 8.4 7.0 16.0 5.9 13.6
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Fig. 6 (a) Influence of the WHSV on the butadiene ( ) and acetaldehyde selectivity ( ) for 5Ag2Ta–SiO2 at 355 °C; (b) (from bottom to top)
Butadiene yield (red), acetaldehyde yield (green), ethylene yield (black) and butadiene productivity ( ) as a function of theWHSV for 5Ag2Ta–SiO2

at 355 °C.
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presence Ta–O–Si species to catalyse the aldol condensation
step and conrms the importance of this step in the overall
mechanism of the reaction. But in all tested catalysts, no traces
of crotonaldehyde or crotyl alcohol were observed, further
indicating that the MPV reduction and the nal dehydration of
crotyl alcohol to 1,3-butadiene are not limiting in the case of
these acid catalysts. However, the accumulation of unconverted
acetaldehyde can indicate a slower reaction rate for the aldol
condensation.

Thus, we show that adapting the absolute and relative
loadings of the redox and acidic functions in these bifunctional
catalysts can be done easily via AASG and can be used to drive
the process towards the desired product. Within the series of
catalysts presented in Table 3, the formulation with 2 wt% Ta
and 5 wt% Ag appears to present the most suitable balance
between acid and redox sites, leading to a relatively high BD
yield.
3.4 Pushing the butadiene production

With the best catalyst in hands (5Ag2Ta–SiO2), we attempt to
boost the process by playing with operational parameters. In
particular, temperature plays a role in both the overall ethanol
conversion and the reaction products distribution (Table 4). The
lower temperature of 325 °C gives the lowest ethanol conversion
and tends to favor acetaldehyde, with a selectivity above 50%.
When switching to higher temperatures, ethanol conversion
increases to values above 80%, along with a higher selectivity
towards dehydration by-products, 15% and 25% for 355 °C and
385 °C respectively. Thus, it means that the redox power of the
catalyst is favored at lower temperatures (high acetaldehyde
selectivity), whereas the dehydrating features are dominant at
higher temperatures (high ethylene + diethylether selectivities).
The optimum is found at 355 °C with the highest butadiene
selectivity (ca. 18%) among the tested temperatures. At this
temperature, a correct balance is achieved between the redox
and acidic properties to efficiently obtain butadiene while
maintaining dehydration by-products at a low level.
606 | RSC Sustainability, 2023, 1, 599–608
Secondly, the weight hourly space velocity (WHSV) is known
to play a major role in the catalyst performance, since a network
of inter-dependent reactions is involved.14 Here, a linear rela-
tionship between the WHSV and the butadiene selectivity was
highlighted (Fig. 6a). Concomitantly, the acetaldehyde selec-
tivity increased when the WHSV increases. When the WHSV is
low, the contact time is increased, giving more possibility to the
newly produced acetaldehyde to undergo the self-condensation
to the acetaldol, which will be further dehydrated to croto-
naldehyde and nally butadiene. As the aldol condensation is
oen recognized in the literature as the rate-limiting step in the
ETB mechanism,20,21 increasing the odds of achieving it yields
more butadiene. In contrast, when the WHSV is increased, the
amount of unreacted acetaldehyde logically rises.

Fig. 6b shows the inuence of the WHSV on the products
distribution. At WHSV below 0.5 h−1, the most abundant
product is butadiene, with a maximum yield of 24%. At WHSV
of 1.12 h−1 and 2.24 h−1, ethylene and acetaldehyde are the
most abundant products. Since ethylene is the result of a fast
dehydration of ethanol on acid sites and acetaldehyde is the
product of direct dehydrogenation of ethanol on redox sites,
these two compounds are favored at lower contact time in
comparison to BD.

In terms of productivity, 5Ag2Ta–SiO2 reaches 0.085 gBD
gcat

−1 h−1 at WHSV = 1.12 h−1. This is lower than the record
performance reached with other catalytic systems, such as Zn–
Zr based zeolites.63–65 However, higher ethanol conversion and
similar butadiene yields are obtained with the best AASG-made
catalyst, when comparing with other Ag/silica-based systems
reported in the literature.23,66 It must be recalled that the AASG
is a straightforward one step, low waste preparation method
that compares favorably to classical multistep catalyst prepa-
ration processes.

4. Conclusions

The aerosol-assisted sol–gel method allows, in one step, highly
homogeneous bifunctional AgTa–SiO2 catalysts with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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advantageous mesoporous texture (large pore volumes and
relatively high specic surface area) to be obtained. Character-
ization data displays a high degree of insertion of dispersed Ta
species in the silica matrices, resulting in an acidic catalyst
producing markedly more dehydration by-products compared
to impregnated tantalum oxide. With the addition of well
dispersed Ag nanoparticles, we are able to obtain butadiene
from ethanol. Upon optimization of the Ta and Ag loadings it is
possible to temper the dehydration activity, while increasing the
dehydrogenation activity and maintaining sufficient acidity to
complete the cascade reactions towards butadiene. We show
that playing with the reaction conditions (in particular reaction
temperature and contact time) allows further boosting the
butadiene yield.
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