Bifunctional Au-Sn-SiO, catalysts promote the direct
upgrading of glycerol to methyl lactate

Margot Van der Verren,! Anna Corrias,? Vit Vykoukal,® Ales Styskalik,® Carmela
Aprile,* Damien P. Debecker! *

! Institute of Condensed Matter and Nanoscience (IMCN), UCLouvain, Place Louis Pasteur 1,
1348 Louvain-La-Neuve, Belgium.

2 University of Kent, School of Chemistry and Forensic Science, Ingram Building, Canterbury
CT2 NH, UK

3 Masaryk University, Department of Chemistry, Kotlarska 2, CZ-61137 Brno, Czech Republic

4 Université de Namur, Unit of Nanomaterial Chemistry, Department of Chemistry, Namur
5000, Belgium

*Corresponding author: damien.debecker@uclouvain.be


mailto:damien.debecker@uclouvain.be

Abstract

Valuable alkyl lactates can be obtained from (waste) glycerol, through a two-step process that
entails (i) the oxidation of glycerol to dihydroxyacetone (DHA) catalyzed by support Au
nanoparticles and (ii) a rearrangement of DHA with an alcohol effectively catalyzed by Sn-
based heterogeneous catalysts. To solve selectivity and processing issues we propose to run the
process as a cascade reaction, in one step, and with a single bifunctional catalyst. Tackling the
challenge associated with the preparation of such bifunctional catalysts, here, an aerosol-
assisted sol-gel route is exploited. The catalysts feature small Au nanoparticles (3-4 nm)
embedded at the surface of mesoporous Sn-doped silica microspheres. The preparation
successfully leads to insert both active sites in their most active forms, and in close proximity.
With the bifunctional catalysts, the yield for the final product of the cascade reaction (methyl
lactate) is higher than the DHA yield when only the first reaction is carried out. This highlights
a beneficial substrate channeling effect which alleviates side reactions. Interestingly, the
bifunctional catalysts also markedly outcompeted mechanical mixtures of the corresponding
monofunctional Au- and Sn-based catalysts. Thus, the spatial proximity between the two active
sites in bifunctional catalysts is identified as a key to stir the cascade reaction towards high

lactate yield.
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1. Introduction

Transitioning away from the fossil era will require the sustainable exploitation of abundant
(waste) biomass.!2 In the up-and-coming biorefinery schemes, the upgrading of bio-based
compounds into valuable chemicals mostly relies on multistep process, where separate
reactions are carried out in different reactors, using different catalysts. In this context, the design
of multi-functional nano-catalysts able to perform intensified cascade reactions can pave the

way to more sustainable processes.

Glycerol is the main by-product (10 wt.%) of the biodiesel production via the
transesterification of vegetable oils. With the increasing demand for biodiesel, glycerol is being
supplied in excess on the market, so that its value has been dropping; it is essential to develop
methods to upgrade glycerol into value-added chemicals.®* As a platform chemical, glycerol
can be converted through redox reactions, esterification, or dehydration to a plethora of
industrially attractive compounds.>’ Among the possible products of glycerol upgrading, lactic
acid (LA) and its ester derivatives (alkyl lactates, AL) are standing out. Lactates can be used as
green solvents in the cosmetics and as bulk chemicals in various industries. They are also used
as building block chemicals for pharmaceutical and healthcare formulations, or as raw materials
for the synthesis of bioplastics such as polylactic acids.2 The latter application represents a
billion dollars market.® Lactic acid is currently produced by microbial fermentation. Although
it offers eco-friendly synthesis conditions, such biological processes are characterized by low
product yield, lack of stability, long processing time, costly purification, and relatively large
amount of waste salts produced. Thus, robust chemical pathways to synthesize alkyl lactates

from (waste) bio-based sources have to be developed, and glycerol is an attractive starting point.

The upgrading of glycerol to lactates is typically achieved in two steps: (1) glycerol is

oxidized to dihydroxyacetone (DHA) and (2) DHA is further transformed via a rearrangement



either to lactic acid (when working in water) or to alkyl lactate (when working in an alcohol).®
In the first reaction, controlling the level of glycerol oxidation to selectively produce the
targeted triose (DHA) represents a challenge, as this compound is prone to further oxidation
(Scheme 1).1° Any lack of selectivity in the first part of the process would impose transitional

purification steps and/or strongly impair the overall lactate yield in the two-stages process.*
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Scheme 1: Transformation of glycerol to methyl lactate via the formation of dihydroxyacetone

(DHA), with the possible side products from the overoxidation of DHA in grey.

The oxidation of glycerol was originally performed under basic conditions,*>*2 but base-free
processes using molecular oxygen as the oxidant and Pt, Pd or Au-based catalysts have also
been developed.**® The reaction conditions (temperature, reactant concentration, pressure), the
nature of the noble metal and of the support can greatly influence the selectivity toward DHA.18
Gold was identified as the best metal to perform the oxidation of glycerol.r” Gold nanoparticles
below 10 nm were identified as active.'®° We recently developed Au-SiO- catalysts featuring
highly dispersed small gold nanoparticles (~3.7 nm) that perform well in glycerol oxidation in

water (59% conversion with a selectivity toward DHA of 30%).%°

The catalytic conversion of DHA to alkyl lactates involves acid catalysis. Mechanistic

studies were performed and showed that the first step of the reaction requires Brgnsted acid
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sites to catalyze the dehydration of the primary hydroxyl group to form pyruvic aldehyde
(PA).2-2 The second step is a combination of two reactions: a nucleophilic addition of the
alcohol to the carbonyl carbon atom of the aldehyde and a 1,2-hydride shift via an internal
Cannizzarro reaction. This step is catalyzed by Lewis acid sites and leads to the formation of
methyl lactate if methanol is used (or lactic acid if working in water).?! Hayashi and Sasaki
investigated homogeneous catalysts for the conversion of trioses to alkyl lactates and showed
that tin compounds (SnCl2 and SnCls-5H,0) were the most active,? for tin exhibits high Lewis
acidity compared to other transition metals.?> Based on these results, and aiming at recyclable
catalysts, many tin-containing heterogeneous catalysts were developed. Among them, tin-
containing zeolites (such as Sn-USY?®, Sn-Beta?’, SnFAU??) showed excellent performance.
However, their intricate synthesis and the limited mass transfer in the micropores hamper their
effective implementation. It was found that mesoporous materials bearing Lewis acid sites such
as Sn-MCM-41 can also be very active and selective in the conversion of DHA to alkyl
lactates.?®2° Recently, another type of mesoporous Sn-SiO: catalyst was disclosed by us.*
Being prepared in one step, using an aerosol-assisted sol-gel process, these tin silicates showed
excellent catalytic performance (i.e. yield up to 60%, fully recyclable) in the conversion of

dihydroxyacetone to ethyl lactate.

Converting glycerol to lactates via a one-pot cascade reaction is highly attractive, as it may
allow boosting the selectivity of the process towards the desired product. Yet only a few
research groups have addressed this possibility. ®131-3% Pescarmona et al. demonstrated that a
mechanical mixture of Au/CuO and Sn-MCM-41-XS could reach a 95% glycerol conversion
with a ML yield up to 62% in 10.5h.1! Similarly, Zhou et al. worked with Au/CuO and Snf
zeolites to obtain similar results — glycerol conversion of 86% and ML yield of 60%.3 Moving

further, Tang et al. emphasized that the selectivity of the first step of the cascade reaction should



be targeted to increase the overall yields and focused on the improvement of the noble metal
catalyst. They reported the use of bimetallic Au—Pd nanoparticles supported carbon nanotubes
as catalysts for the oxidation step of glycerol to glyceraldehyde or dihydroxyacetone.’
Combining with Sn-MCM-41-XS, they managed to increase the catalytic performance to a 96%
glycerol conversion and 85% ML yield by using a bimetallic catalyst — Au-Pd nanoparticles on

carbon nanotubes.

Moving forward, efforts are made to further intensify the processes, by developing
multifunctional catalysts, able to run cascade reactions in a unique reactor.®* A strong boost in
catalytic performance was sometimes observed with multifunctional catalysts due to the
synergistic effect brought by the active site proximity.>>° Specifically, to perform a cascade
reaction such as the transformation of glycerol to ML, effective bifunctional catalysts would be
highly desirable because the proximity between the two active sites may favor the rapid
channeling of the unstable intermediate (DHA) towards completion of the second step of the
cascade reaction thus decreasing the possibility of side reactions. In this way, higher overall

yields could be obtained.

However, the synthesis of such materials can be challenging as they usually rely on multistep
synthesis processes in which the addition of an active species on a preformed (active) material
can modify its morphology or texture, affect the nature of chemical surface species, and hinder
the availability of catalytic sites. Indeed, a bifunctional Au/Sn-MCM-41-XS was shown to
reach lower ML yields as compared to the corresponding physical mixture Au/CuO and Sn-
MCM-41-XS.1 In this example, the process of gold deposition-precipitation onto Sn-MCM-
41-XS, and more precisely the basic conditions used to induce the precipitation of gold, resulted
in the partial dissolution of the Sn-based catalyst, responsible for a marked decrease in Lewis

acidity and activity. In another example, colloidal gold was immobilized on a tin-exchanged



montmorillonite but this resulted in relatively large gold nanoparticles and in a decrease in the
acidity of the material, leading to modest ML yields.3! On the other hand, an intricate multi-
step process was recently reported to prepare an Au/SnB@mesosilica composite featuring a
sandwich-like structure to avoid gold sintering while maintaining the acidity of the zeolites;
this material reached high ML yields (but very low specific productivity). As demonstrated

through these examples, the synthesis of effective bifunctional catalysts is challenging.

In this work, we propose a one-pot strategy, relying on the aerosol-assisted sol-gel process,
for the preparation of a new type of bifunctional heterogeneous catalysts for the upgrading of
glycerol to methyl lactate. The aerosol process provides easy access to nanostructured
heterogeneous catalysts with tailored properties (texture, composition, dispersion, surface
functionality) in a limited number of preparation steps.*®4! Various catalysts including porous
oxides, metal and alloys or even hybrid catalysts were synthesized using this technique.*>-? It
relies on the rapid thermally induced evaporation of a sprayed solution containing the different
precursors (alkoxides or salts) and a templating agent to form dry particles with homogeneous
composition and controlled porosity (Scheme S1). The catalysts developed in this work consist
of small Au nanoparticles highly dispersed on a Sn-Si mixed oxide. We demonstrate how
combining the two active sites on the same solid particles allows us to boost the overall catalytic

performance of the cascade and to lower the formation of over-oxidized by-products.

2. Experimental

Materials
Tetraethyl orthosilicate (TEOS, >97%), dodecane (>99%), (3-mercaptopropyl)-
trimethoxysilane (MPTMS, >96%) and 1,3 — Dihydroxyacetone dimer (DHA, >96%) were

purchased from TCI. Methanol (HPLC Grade, 99.8+%) was purchased from Alfa Aesar.
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Methyl DL-lactate (ML, >97%), Pluronic® F-127, hydrochloric acid (37%) and tin (V)
chloride pentahydrate (SnCls-5H.0, 98%) were all purchased from Sigma-Aldrich. Glycerol
(Pure, 99%+) and chloroauric acid trihydrate (HAuCls-3H20, ACS reagent) were purchased
from Acros Organics. Ethanol absolute (ACS reagent) was purchased from VWR Chemicals.
N-hexane (ACS reagent) and phenylethyl mercaptan (PEM, >99%) were purchased from

Merck.

Catalysts preparations

For the synthesis of the mesoporous Sn-SiO- catalyst,3>>3 solution A was prepared by mixing
12 g of TEOS with 20 g of acidified water (HCI, 0.01M). In a second vessel, 3.88 g of Pluronic
F127 was dissolved in 45 g of absolute ethanol and 8 g of deionized water (Solution B). The
two solutions were kept overnight under stirring at room temperature. Then, tin (IVV) chloride
(SnCl4-5H20) was added to solution A in order to have a nominal Si/Sn ratio equal to 74 (here
obtained with 273 mg of Sn precursor). The resulting solution was stirred for 10 minutes and
then added to solution B and stirred for another 30 minutes. The mixture was atomized with a
6-Jet 9306A atomizer from TSI (operating at 30 psi) using compressed air and the droplets
formed were dried by passing through a tubular quartz tube heated at 350°C. The powder was
recovered on a cellulose nitrate filter (pore size: 0.45 um) then dried at 80°C overnight. The
resulting sample was calcined under static air at 550°C for 6 h (1°C/min) and is here denoted

SnSiOs.

The synthesis of the Au-SiO» catalyst featuring small gold nanoparticles is based on the
stabilization of the gold precursors by MPTMS.?° Solution A was prepared by mixing TEOS
and MPTMS in a 95:5 molar ratio, with 20 g of acidified water (HCI, 0.01M) while solution B
was prepared as explained above. The two solutions were kept overnight under stirring at room

temperature. Then, chloroauric acid trihydrate (HAuCls-3H20, 69 mg) was added to solution A
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so as to reach a nominal loading of 1% (w/w) and stirred for 10 minutes. Solutions A and B
were mixed and further stirred for another 30 minutes. The mixture was then was atomized as
explained above and the recovered powder was calcined in the same conditions. The resulting
catalyst is denoted AuSiO2-MPTMS. Note that the addition of MPTMS is the key to control
the formation of small gold nanoparticles (in the absence of MPTMS, large Au particles form

readily during aerosol processing).?

Bifunctional catalysts were synthesized combining the syntheses described above. Solution
B is the same. In solution A, three gold loadings were investigated: 0.5, 1 or 2% (w/w). The
gold precursor was added to the pre-hydrolyzed silica precursors (MPTMS and TEOS)
(Solution A), stirred for 10 minutes. Then, tin precursors (Si/Sn = 74) was added and the
solution was stirred for another 10 minutes. Solutions A and B were mixed and further stirred
for 30 minutes. Then the mixture is atomized as explained above and the recovered powder is
calcined in the same conditions. The catalysts are named Au(x)SnSiOz2, where X corresponds

to the gold loading.

Characterization

Nitrogen physisorption analyses were carried out at 77.4 K using a Tristar 3000
(Micromeritics, USA) instrument to determine the textural properties of the different samples.
Prior to analysis, the samples were degassed overnight at 200°C. The specific surface area was
determined by the Brunauer-Emmett-Teller (BET) method in the 0.05-0.30 relative pressure
range. The total pore volume (V) was measured at p/p, = 0.98. The pore size distribution was
obtained from the adsorption part of the isotherm using the Barrett-Joyner-Halenda (BJH)
method. The microporous specific surface area was evaluated by the t-plot method in the

thickness range of 3.5 to 5.0 A.



The Au and Sn content of the synthesized materials were measured by inductively coupled
plasma atomic emission spectroscopy (ICP-OES) on an ICP 6500 instrument (Thermo
Scientific Instrument) after dissolution of the samples by peroxide fusion.

The crystallite size of metal nanoparticles was determined by X-ray diffractometry (XRD)
using the Scherrer equation. The diffraction patterns were measured at room temperature with
a Bruker-D8 Advance diffractometer using Cu Ka radiation (Bragg-Brentano geometry)
operated at 40 kV and 30 mA. Diffractograms were taken from 5° to 100° (20) with a step size
of 0.05° (20) and a time step of 1.5 second. The resulting data were processed using Winplotr
to integrate each peak, determine the full width at half maximum, and to calculate the
nanocrystallite size via Scherrer equation.

X-ray photoelectron spectroscopy (XPS) experiments were carried out with an SSX 100/206
Photoelectrons Spectrometer (Surface Science Instruments, USA) equipped with a
monochromatized Al-Ka radiation operated at 10 kV and 20 mA. The calibration of the binding
energy scale was performed on the Si 2p peak at 103.5 eV.>* The quantification of Au was
based on the 4f7, peak (84.3 eV)*® and the one of Sn was based on the 3ds, peak (486.5 eV).
The data obtained were processed with CasaXPS from Casa Software Ltd, UK.

The TEM images of the sample containing gold (mono- and bimetallic) were obtained with
a transmission electron microscope FEI Tecnai F20 (FEI, Eindhoven, The Netherlands)
equipped with a field emission gun source, a 4k CCD camera (FEI Eagle) and operated at 200
kV was used for sample visualization (collaboration with the Department of Chemistry,
Masaryk University). STEM-EDS measurements were performed on a FEI 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 filter

for EELS and EFTEM with a new enhanced piezo stage, FEI and GATAN software, and a FEI
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Ceta 16-megapixel CMOS camera. The TEM images of the tin catalyst (SnSiO2) were obtained
using a Philips Tecnai 10 microscope operating at 80 kV.

Diffuse reflectance UV/Vis spectra were measured for the tin-containing powders with a
UV-vis spectrophotometer (UV-3600i Plus, Shimadzu) from L =200 nm to A = 500 nm.

The dispersion of gold (defined as the proportion of Au atoms available on the surface) was
measured by a thiol titration with a UV-vis spectrophotometer (UV-3600i Plus, Shimadzu) with
a protocol adapted from the literature.*® Briefly, the dispersion measurement is based on the
difference of absorption of PEM (240 — 270 nm) in presence of the catalyst. 10 mL of 0.1 mM
PEM in hexane is prepared to measure the initial spectra. 50 mg of catalyst is then added and
the mixture is stirred for 30 minutes in order to allow the PEM to adsorb on gold sites. The
solution is separated from the solid by centrifugation and analyzed by UV-Vis. The absorbance
at 273 nm is subtracted from the absorbance at 258 nm to determine the concentration of PEM
in solution.® It is assumed that one mole of PEM adsorbs on one mole of Au. The baseline is
measured beforehand with a solution of hexane and the catalyst in the same proportion used
during the measurement.

The coordination of Sn atoms was measured by static 1*°Sn Nuclear Magnetic Resonance
(NMR). The spectra were recorded at room temperature on a Varian VNMRS-400 spectrometer
operating at 9.4 T using a 5 mm wideline probe. The sample was packed in a 5 mm glass tube
and studied in static condition.

Acidity was studied by pyridine adsorption. The FTIR spectra were recorded on a Bruker
Equinox 55 spectrometer (Transmission mode), performing 256 scans from 4000 to 500 cm™
with a resolution of 4 cm™. Catalysts were pelleted and degassed for 2 hours at 350 °C. The
pyridine adsorption was carried out at room temperature for 30 minutes. After stabilization, the
pyridine was desorbed at 150 °C for 2 hours. The amount of Lewis acid sites was calculated

based on the following equation:
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Where n; is the number of micromoles of Lewis acid site per gram of catalyst, A; the
integrated absorbance of the ~1450 cm™ peak on the FTIR spectra (cm™), C, the cross-sectional
area of the wafer (cm?), g, the extinction coefficient (= 2.22 cm.pmol™)®” and m the mass of
the wafer (g).

X-ray absorption spectra at the Au Ls-edge were recorded on the B18 beamline at the
DIAMOND synchrotron (Oxfordshire, UK). The Au(1)SnSiO2 sample, in form of powder, was
diluted with polyvinylpyrrolidone (PVP) and pressed to form a pellet. Due to the low
concentration of absorbing atom the data were collected in fluorescence mode at room
temperature, using a Si(311) monochromator. The monochromator energy scale was calibrated
using a Au reference foil. The data of the sample were collected simultaneously to those of the
foil, placed after the fluorescent detector, measuring the transmitted intensity via an ionization
chamber. The data analysis was performed using the ATHENA and ARTEMIS software.*
With ATHENA, the absorption edge, Eo, was determined, and the absorption due to the isolated
atom was subtracted, by fitting the pre-edge and post-edge regions, to obtain the EXAFS
interference functions, y(k), and the normalized XANES spectra. The Fourier Transforms of
the EXAFS interference functions were corrected for phase shift, using the phase shifts

calculated using ARTEMIS.

Catalytic studies

The catalytic transformation of glycerol to either DHA (with AuSiO>) or to methyl lactate
(with the bifunctional catalyst, AuSnSiO) were performed in a 160 mL Parr stainless steel
autoclave reactor equipped with a Teflon liner. In a typical experiment, a solution of glycerol
in methanol (0.125 M, 20 mL) was loaded with 68 mg of dodecane (used as GC internal

standard) and a chosen amount of catalysts. The reaction was performed under 15 bar of air
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(used as oxidant) under vigorous stirring at the desired temperature. After a selected time, the
reactor was cooled down in a cold bath and the reaction mixture was centrifuged to separate the
catalyst. The solution was analyzed by gas chromatography (Scion Instruments 456-GC)
equipped with a Restek Stabilwax column (30-meter length, 0.53 mm ID, 0.25 um df) and an
FID detector. Each component was calibrated with pure chemicals using 7 concentration points.
Reusability tests were performed keeping a glycerol/catalyst (w/w ratio) = 1.15 during the
different cycles. The reaction was stopped after 2 h. After each cycle, the catalyst was recovered
by centrifugation, washed with methanol three times, dried overnight at 40°C under vacuum
and then calcined at 450°C (1°C/min) under flowing air (100 mL/min). The leaching test was
performed under the same reaction conditions. After 1 h, the catalyst was recovered by
centrifugation and the supernatant was then allowed to react for 7 h. The glycerol conversion

was evaluated by GC after removing the catalyst (1 h) and at the end of the test (8 h).

The catalytic tests for the conversion of dihydroxyacetone to methyl lactate were performed
in the same reactor. In a typical experiment, 360 mg of dihydroxyacetone was dissolved in 20
ml of methanol with 68 mg of dodecane at 45°C for 15 minutes. Then the clear solution was
loaded in the reactor with 200 mg of catalyst. The reaction was performed in the same
conditions described above. After 4 hours of reaction, the reactor was cooled down in a cold

bath and the catalyst was separated by centrifugation. The solution was analyzed by GC.

3. Results and discussion

3.1. Mono-functional AuSiO2 and SnSiO> catalysts

To achieve a good dispersion of Au nanoparticles onto the mesoporous silica material, we

relied on the aerosol-assisted sol-gel process and on the strong interactions between gold and
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the thiol function of a mercapto-silane.?® AuSiO; catalyst consists of mesoporous microspheres
with calibrated mesoporosity (5-7 nm) and homogeneously dispersed Au nanoparticles of about

3-5 nm in size (Figure 1A-C). The pores result from the templating effect of F127 micelles,

which are then removed by calcination.

Figure 1: Transmission electron microscope analysis of (A,B,C) AuSiO;and (D) SnSiO,. Respectively

from left to right: HAADF, STEM-EDX, STEM.

Textural properties were investigated by N2 physisorption. The type IV isotherm with H2
hysteresis loop demonstrated the presence of ink-bottle neck mesopores (Figure 2A). Overall,
the catalyst displayed advantageous textural properties (SSA = 440 m2.gL; V, = 0.47 cms.g%;
Dp = 5 nm) (Table 1). The gold content was verified by inductively couple plasma optical
emission spectroscopy (ICP-OES) and was very close to the nominal loading (=1%) (Table 2).
The surface composition was measured by XPS. No sulfur was detected after calcination,
proving that the calcination applied to remove the surfactant also leads to the decomposition of
mercaptopropyl moieties. XPS analyses showed that the gold present in the sample was in
metallic AuC state. Audf, was shifted to relatively low binding energy (~83 eV) (Figure S1).
This corresponds to surface Au atoms and is explained by the low coordination number of
surface atoms in small nanoparticles.>®® This suggests the formation of very small gold
nanoparticles in AuSiO». The crystallite size was estimated by X-ray diffraction, applying the

Scherrer equation on the 20 = 38.1° peak (Figure 2B). This sample displayed 3.7 nm diameter
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crystallite (this measure has systematically a standard error of + 0.1 nm), consistent with TEM

(Figure 1) and XPS that pointed to small Au nanoparticles. In good agreement with the N>

physisorption analysis, TEM shows the presence of 5-7 nm interconnected pores. The gold

dispersion measured by thiol titration reached a value of 21%, which is fully consistent with ~3

nm sized Au nanoparticles. It confirms Au is both well dispersed and available — in the pores

of the microspheres — for catalysis.
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Figure 2: (A) Nitrogen adsorption (plain symbols) and desorption (empty symbols) isotherms of

26()
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AuSIO; . Insert shows BJH pore size distribution analysis obtained from the adsorption isotherm. (B)

XRD diffractogram of fresh AuSiO, (black) and calcined AuSiO; (green) (the detected metallic Au

phase corresponds to JCPDS 65-2870). (C) Kinetic study of the oxidation glycerol (GLY) to

dihydroxyacetone (DHA) and methyl glycerate (MGE) with AuSiO.. Reaction conditions: T = 140°C,

Pair = 30 bar, 0.25 M glycerol in methanol, and GLY/Catalyst ratio = 2.3 (w/w).

Table 1: Textural properties of the mono- and bifunctional catalysts

BET surface BJH pore size Pore volume Micropore
area (m2.g%) (nm) (cm3.g?) volume (cm3.g?)
AuUSIO; 440 5 0.47 0.09
SnSiO; 330 5 0.34 0.07
Au(0.5)SnSiO; 410 5 0.41 0.10
Au(1)SnSiO; 440 5 0.45 0.11
Au(2)SnSio, 400 5 0.38 0.10
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AuSiO, was tested in the oxidation of glycerol in conditions that were independently
optimized for running the cascade reaction (vide infra): at 140°C, under 30 bar of air and
vigorous stirring. After 4 hours, glycerol conversion reached 55% and the DHA selectivity
reached 40% (Figure 2C). By-products such as methyl glycerate (Smee = 28%) and traces of
dimethyl oxalate (Scheme 1) were also detected during the reaction. During the 4 hours of
reaction, glycerol was quickly consumed to form DHA and methyl glycerate (MGE), resulting
from the further oxidation of DHA. Increasing the reaction time to 8 hours slightly increased
the glycerol conversion to 60% with similar selectivity MGE (= 28%) and to DHA (=38%).
These results are in good agreement with the mechanism already reported by previous studies
and with the known relative instability of DHA, prone to overoxidation.*®

A mesoporous SnSiO- catalyst was also prepared by the one-pot aerosol-assisted sol-gel
process, using the same templating agent (F127) and targeting a Si/Sn molar ratio of 74. This
formulation was already reported as being very active for the conversion of DHA to ethyl
lactate.>® TEM shows that the morphology and texture of SnSiO; is very similar to AuSiO;
(Figure 1D). The mesopores, clearly visible in TEM, are confirmed by textural analysis (Figure
3A and Table 1). Type-1V isotherm showed the same H2 hysteresis observed for AuSiO; and
the BJH analysis also highlighted a narrow pore size distribution centered on 5 nm. The BET
surface area was slightly lower than for AuSiO> (330 m2. g*). Tin was successfully incorporated
in the material as evidenced by elemental analysis (ICP) which closely fits with the nominal

composition (Table 2).

The chemical state of tin in the material was investigated by XPS. The Sn 3d spectra
confirmed tin is in Sn** state, with a Sn 3ds, peak centered at a binding energy of 487.2 eV
(Figure 3B).5%-¢2 The surface atomic fraction Si/Sn reached the value of 70, which is very close

to the nominal one (74), suggesting a homogeneous distribution of Sn in the silica matrix.
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Diffuse reflectance UV/Vis spectroscopy was used to further prove the successful insertion of
Sn in the silica framework. The spectra show a broad absorption band at A = 210-240 nm
attesting for the presence of Sn** in tetrahedral coordination in the silica framework in this
sample, while the minor contribution at A ~ 280 nm indicates the presence of a small proportion
of hexacoordinated polymeric Sn-O-Sn type species (Figure 3C).3%* The insertion of Sn in the
silica matrix was also studied by ***Sn NMR spectroscopy under static conditions (Figure S2).
The signal centered at § = -695 ppm is characteristic of intra-framework Sn'V in tetrahedral
coordination, connected with 4 atoms of Si by oxygen bridges.®* Although a minor amount of
tin in extra-framework cannot be completely ruled out, significant amounts of SnO, were not

detected. Overall, UV, XPS and NMR results prove the insertion of tin in the silica framework.

Table 2: Experimental content of gold and tin at the surface and in the material

Surface Au loading  Surface Si/Sn Bulk Au loading Bulk Si/Sn

(wt. %)¥" ratio?® (wt %)P ratio®
AuUSIO; 0.13 / 0.79 /
SnSio, / 70 / 73
Au(0.5)SnSiO, 0.13 67 0.6 73
Au(1)SnSio; 0.26 82 1.1 72
Au(2)SnSio; 0.59 64 2 71

() Determined by XPS analysis, (b) Determined by ICP-OES analysis. *Calculated based on the surface
atomic ratio of O, Si, Sn and Au.

The acidity of the sample was assessed by pyridine adsorption and FTIR spectroscopy. The
FTIR spectra are displayed in Figure S3. The band found at 1455 cm™ is characteristic of Lewis
acid sites and attests of the successful incorporation of Lewis acidity in this sample. The surface
density of Lewis acid sites reached 36 pmol.g™. Small amount of Bransted acidity was observed

(band at 1545 cm').

The SnSiO; catalyst was tested for the conversion of DHA to methyl lactate. In the

conditions of the reaction (same as above), we verified that DHA was completely transformed
17



in methyl lactate after 4 hours, with a selectivity of >99%. This excellent activity is crucial to
the objective of this work, as we target the cascade reaction from glycerol to methyl lactate.

Note that SnSiO- did not shown any activity in the conversion of glycerol.
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Figure 3: Nitrogen adsorption (plain symbols) and desorption (empty symbols) isotherms of
SnSiO. Insert show BJH pore size distribution analysis obtained from the adsorption isotherm. (B)
XPS spectra of the Sn3d region with indication (dotted line) of the theoretical binding energy of

Sn3ds; in Sn** state (487.2 eV)®L. In (C) Diffuse reflectance UV/Vis spectrum of SnSiO,.

3.2. Cascade reaction with a physical mixture of AuSiO, and SnSiO;

The physical mixture of AuSiO2 (1 wt.% of Au) and SnSiO> (Si/Sn = 74) was used to perform
the cascade reaction (Figure 4A). After 8 hours glycerol conversion reached 70%, slightly
higher than when using AuSiO> alone. No DHA was detected, most probably due to its rapid
consumption by the tin catalyst. Overall, the yield to the final product of the cascade (YmL =
19%) was close to the yield of DHA obtained with AuSiO alone. The formation of by-products
(formed in abundance via over-oxidation of DHA when AuSiO; was used alone) could not be
avoided. Over time, the conversion of glycerol remained around 70% and the methyl lactate
yield plateaued at ~23%. These results show that — owing to the introduction of the effective

SnSiO; catalyst — the reaction can indeed be pushed from the formed DHA towards the final
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product (ML). Yet, the ML vyield and selectivity remain modest (as dictated by the poorly

selective first reaction on the gold catalyst).
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Figure 4: transformation glycerol (GLY) to methyl lactate (ML), methyl glycerate (MGE) and methyl
glycolate (MGO) with (A) the mechanical mixture of AuSiOzand SnSiO; (200 mg of each catalyst),
(B) the bifunctional catalyst Au(1)SnSiO; (200 mg). Reaction conditions: T = 140°C, pair = 30 bar,

0.25 M glycerol in methanol, and GLY/gold-based catalyst ratio = 2.3 (w/w).

3.3. Bifunctional Au(x)SnSiO, catalysts

We reasoned that bifunctional materials bearing both the tin and the gold active species on
the same solid particles would be primed to further boost the ML yield in the cascade reaction.
Indeed, a facile substrate channeling between the two active sites could effectively drive the
reaction to the desired methyl lactate. The synthesis of such bifunctional catalysts was
attempted before (using mostly intricate multi-step preparation procedures),t31:336566 pyt the
resulting material showed impaired catalytic performance, mostly due to the difficulty to
stabilize both the Au and the Sn species in their most active forms. Here, the aerosol-assisted

sol-gel synthesis was exploited to synthesize bifunctional catalysts in one step (plus
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calcination). These samples were denoted Au(x)SnSiO2, where “x” corresponds to the nominal

Au loading. The Si/Sn ratio was kept the same in each catalyst (Si/Sn = 74).

Similar to the monometallic catalysts described above, the texture of the bifunctional

catalysts was characterized by type IV isotherms featuring the typical H2 hysteresis loop

(Figure 5A) corresponding to ink-bottle neck pores. The BJH analysis performed on the

adsorption branch of the isotherm showed a narrow pore size distribution centered on 5 nm. All

bifunctional catalysts exhibited a high surface area and pore volume, similar to AuSiO and

SnSiO; (Table 1).
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Figure 5: (A) Nitrogen adsorption (plain symbols) and desorption (empty symbols) isotherms of

Au(x)SnSiO;. Inserts show BJH pore size distribution analysis obtained from the adsorption

isotherms. (B) XRD diffractograms of Au(x)SnSiO; (the detected metallic Au phase corresponds to

JCPDS 65-2870). The color of the curve depends on the gold loading: 0.5% (

2% (m, blue).

, orange), 1% (e, red),

Gold and tin contents in the different solids were verified to be very close to the targeted

loadings (ICP-OES, Table 2). The Au 4f spectra for each bifunctional catalyst also showed the

slight shift toward lower binding energy for the Au4f7 peak (~83 eV), typically attributed to
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very small gold nanoparticles (Figure S4A). It is not shifted as compared to the Au 4f signal
obtained on AuSiO. (Figure S1). Increasing the loading of gold in the catalysts led to a
proportionally higher amount of gold found at the surface of the materials (Table 2). The Si/Sn
surface ratio remained close to the nominal ratio (Si/Sn = 74) in all bifunctional catalysts,
indicating that Sn is homogeneously dispersed in the material and that the presence of gold and
MPTMS did not impact tin dispersion. Exactly like in the case of SnSiO2, Sn is inserted in the
silica matrix with a Sn 3ds;» XPS peak centered at ~487 eV corresponding to Sn** state (Figure

S4 B).

In the perspective of a cascade reaction with two different active species, it is important to
verify that the two species are not inserted in their appropriate state, and that the presence of
one does not affect the chemical state of the other (for example via the formation of alloyed
Au-Sn nanoparticles). Thus, Au(1)SnSiO2 was further investigated through XANES and
EXAFS analyses, and compared to an Au foil as a reference sample, in order to get selective
information about the gold environment. The XANES spectra of the sample and the reference
foil are very similar suggesting that gold in the sample is in its metallic form maintaining the
same environment to that of pure Au (Figure 6A). This is confirmed by the comparison of the
EXAFS interference functions and of corresponding FTs of the sample and the reference foil,
which only show minor differences in the amplitudes of the oscillations and in the height of the
peaks, respectively. This indicates that there is a strong similarity between the gold environment
in Au(1)SnSiOz and the gold reference foil (Figure 6B-C), indicating no strong chemical
interaction (e.g. alloying) between gold and tin. The reduced amplitudes of the oscillations and
the lower FT peaks intensity of the sample with respect to the reference foil (Figure 6B-C), are

consistent with the small dimensions of the gold nanocrystals.
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Figure 6: (A) normalized XANES spectra, (B) k2 x(k) EXAFS interference functions and (C)
corresponding FTs moduli (phase shift corrected) of Au(1)SnSiO; (red curves) and Au foil (black

curves). Note that, similarly, the Sn signal was not affected by the presence of Au.

The crystallite size was measured employing X-ray diffraction (Figure 5B). The addition of
tin did not have an impact on the gold crystallites size as it remained very small (3.1 nm) and

close to the size in AuSiO> (Table 3). Similarly, the size remained the same regardless of the

gold loading engaged.

Table 3: Properties of gold in the different catalysts
Gold dispersion (%)*  Gold crystallite size (nm)°®

AuUSIO; 21 3.7
Au(0.5)SnSiO; 135 3.1
Au(1)SnSiO; 16 3.1
Au(2)SnSiO; 8.5 3.2

2 Measured by thiol titration

® Measured by XRD with Scherrer equation applied on the 38.1° peak (see also
comparison of the catalysts in Figure S5).

The insertion of tin was investigated in the sample Au(1)SnSiO; (fresh and after calcination)
by 11°Sn NMR spectroscopy. The spectrum exhibited the same signal as SnSiO2 centered at § =
-695 ppm, indicating the presence of intra-framework Sn'v (Figure S2). This confirms that the
addition of gold in the synthesis does not disrupt the proper insertion of tin in the silica
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framework. Similarly, the acidity of the sample Au(1)SnSiO,was not impacted by the presence
of gold in the material, with a surface density of Lewis acid sites reaching 38 umol.g* (Figure

S3).

The sample morphology was investigated by transmission electron microscopy (TEM). The
Au(x)SnSiO. samples consist of spherical shaped microspheres with 5-7 nm interconnected
pores (Figure 7). The gold nanoparticle size distribution was estimated through TEM
measurements on 200 nanoparticles. Whatever the gold loading, the materials exhibited overall
a narrow gold nanoparticles size distribution centered at 3.5 nm, in good agreement with XRD
results (Figure S6). Gold nanoparticles are homogeneously dispersed in the microspheres. EDX
elemental mapping (Figure 7) allowed highlighting that tin and gold were effectively and

homogeneously dispersed in the catalyst microspheres.

The dispersion measurements performed on the different samples showed that the dispersion
is somewhat lower in the 2%, compared to the 0.5%, 1% bifunctional catalysts and to the 1%
monofunctional AuSiO; catalyst (Table 3). This result shows that the amount of gold actually
surface-available in the 2% catalyst is close to the one found in the 1% material. Considering
that the gold nanoparticle size remained similar in the two materials, the decreased dispersion
suggests that some nanoparticles are partially embed inside the silica walls when the gold

loading is higher than 1%.
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Figure 7: Transmission electron microscope analysis. Respectively from top to bottom:

Au(0.5)SnSiO,, Au(1)SnSiO; and Au(2)SnSiO2; from left to right: HAADF, STEM, STEM-EDX of

Au and STEM-EDX of Sn.

3.4. Cascade reaction with bifunctional Au(1)SnSiO catalysts

The bifunctional catalyst Au(1)SnSiO2 was tested in the one-pot transformation of glycerol
to methyl lactate. The kinetic profile of glycerol conversion and ML yield with Au(1)SnSiO-
can be directly compared to the cascade performed with the mechanical mixture (AuSiO, +
SnSi0O;) with exactly the same amount of Sn and Au introduced in the reactor (Figure 4).
Overall, the glycerol conversion was higher along the test with the bifunctional catalyst. Close
to total conversion was achieved after 24 hours with the bifunctional catalyst while it remained
stuck at 70% for the mechanical mixture. More interestingly, the ML selectivity was highly

improved when using the bifunctional catalyst, resulting in a markedly higher ML yield. For
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example, at 4, 8, and 24h, the ML yield reached 8, 19, and 23% with the mechanical mixture of

the two catalysts, but reached 15, 31, and 49% with the bifunctional catalyst.

This confirms that Au(1)SnSiO- is intrinsically more active and selective toward ML. With
the characterization and the catalytic results in hands, we reason that the bifunctional catalyst
takes advantage of the proximity between tin and gold active sites to rapidly channel the
intermediate DHA towards further conversion to ML, resulting in improved selectivity and
overall yield. Overall, the formation of MGO and MGE by-products (resulting from the

oxidation of DHA on gold nanoparticles) remained low for with the bifunctional catalysts.

3.5. Optimization of the reaction conditions

With the high-performance bifunctional catalyst in hand, the reaction conditions were
modified with idea to further improve the ML selectivity and yield. By varying the glycerol
concentration, the air pressure, and the reaction temperature, new optimized conditions were
selected for the rest of this work (vide infra): at 160°C, under 15 bar of air and vigorous stirring
(Table S1). In these conditions a complete conversion of glycerol was obtained after 16 hours
(Figure 8). More importantly, the ML vyield could be improved to around 62% while

maintaining the production of by-products (MGO and MGE) very low.

The two catalysts Au(0.5)SnSiO2 and Au(2)SnSiO2 were also tested in the new reaction
conditions to investigate the effect of the gold loading on the catalytic conditions (Figure S7).
The catalysts containing 0.5% of gold showed a glycerol conversion limited at 40% after 4
hours while the ML yield reached 33%. The lower conversion is attributed to the lower amount
of gold in the material. On the other hand, the Au(2)SnSiO2 sample displayed higher glycerol
conversion with a good ML selectivity. Although the dispersion in this material was lower

(Table 3), the higher conversion at the beginning of the reaction was ascribed to the higher
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amount of gold detected at the catalyst surface by XPS. In both cases, methyl glycerate, the first
product of the overoxidation of DHA, was detected. This product can actually act as a chelating
agent on the gold nanoparticles, hindering the catalytic active sites. The rapid loss of catalytic
activity in the two materials was attributed to the poisoning of the gold nanoparticles. Such
deactivation was already observed when working with AuSiO2, and we demonstrated that in
order to recover its catalytic activity, a thermal treatment was required.?’ The adsorption of
undesired products on the catalytic species can also be responsible for the carbon loss
sometimes observed during the reaction. When comparing the Au(1)SnSiO2 and Au(2)SnSiO:
samples, it appeared that a higher loading of gold led to poorer catalytic performance (lower
conversion and ML vyield) over time. It is hypothesized that the larger amount of gold located
at the surface of the microsphere in the Au 2% would lead to higher amount of methyl glycerate
produced and then adsorbed, thus leading to a faster catalyst deactivation. Therefore,

Au(1)SnSiO, was selected as the best for further investigations.
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Figure 8: transformation glycerol (GLY) to methyl lactate (ML), methyl glycerate (MGE) and methyl
glycolate (MGO) with Au(1)SnSiO,. Reaction conditions: T = 160°C, pair = 15 bar, 0.125 M glycerol

in methanol, and GLY/Catalyst ratio = 1.15 (w/w).
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Au(1)SnSiO, was further studied to shed light on its robustness. A “hot filtration test”
confirmed that the activity was solely attributed to the solid catalyst (no leaching of active
species acting in the homogeneous phase, see Figure S8). The recyclability of Au(1)SnSiO;
was investigated following the same reaction conditions. In a typical recycling experiment, the
test was carried out for 2 hours (where conversion is still far from completion) before removing
the catalyst by centrifugation. The catalyst was washed with methanol and regeneration was
performed at 450°C under flowing air (100 mL.min). The catalyst showed excellent
recyclability with an overall stable ML yield over 4 cycles (Figure S9). The gold nanoparticles
remained small (3.8 nm, measured by XRD) after the 4 cycles performed. It is noteworthy to
mention that without applying a thermal treatment, the catalyst was no longer active in the
cascade reaction, implying that the deactivation was caused by the presence of products

adsorbed on the active species.

4. Conclusion

Bifunctional catalysts combining gold nanoparticles dispersed in mesoporous tin silicate
microspheres (AuSnSiO2) were prepared in one step by the aerosol-assisted sol-gel process.
The materials displayed advantageous mesoporous texture (with large pore volume and high
surface area), small surface-accessible gold nanoparticles, and highly dispersed tin species
inserted in the silica framework generating abundant Lewis acid sites. Monofunctional AuSiO»
and SnSiO: catalysts were used as benchmarks. In-depth characterization showed that the
intrinsic properties of tin sites and gold sites were not mutually affected in the bifunctional
catalyst. While the monofunctional AuSiO; catalyst showed moderate activity and poor
selectivity in the oxidation of glycerol to DHA (producing a.o. large amounts of methyl
glycerate), the bifunctional catalyst allowed running the cascade reaction glycerol > DHA >

27



methyl lactate very effectively. In fact, the yield for the final products of the complete cascade
reaction (ML) obtained with the bifunctional catalyst markedly surpasses the yield for DHA
obtained when running only the first reaction with AuSiO,. Thus, we evidenced that the
combination of the two active sites boosts the catalytic performance, as the intermediate product
(DHA) is effectively funneled towards the second reaction (rearrangement with methanol)
occurring on tin sites. Importantly, higher selectivity and yield are observed for the bifunctional
material, if compared with a corresponding mechanical mixture. This confirms the pivotal role
of site proximity in the bifunctional catalysts. This work highlights the interest of bringing
together in one unique material two catalytic species to run efficiently a cascade reaction. In
this context, the aerosol-assisted sol-gel preparation is shown as a key enabling technology that

markedly facilitates the preparation of such bifunctional catalysts.
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