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Abstract:

The transformation of y-valerolactone (GVL) into levulinic acid (LA) requires the use of
bifunctional catalysts allowing the hydrogenation and lactonization steps to occur. The aim of this
study is to clarify the role played by both redox (Ru) and acid (Nb) sites of the ruthenium-niobium-
silicon mixed oxides catalysts, synthesized by sol-gel route, when this reaction is performed in mild
conditions. The catalytic performances of the materials are related to an in-depth morphologic and
structural characterization, demonstrating that the interaction between the two metals and their
relative amount and dispersion are crucial in determining their activity. The results confirm the
hydrogenation-dehydration consecutive reaction network and evidence the possibility to selectively
produce either GVL or the intermediate y-hydroxypentanoic acid by an accurate choice of the

catalyst composition.
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1. Introduction
The enormous potential of the biomass conversion into value added products is a key point to ease
the pressure on the global crisis about fossil resources and to reduce the environmental pollution.
Biomass, through the photosynthesis process, absorbs water, sunlight and the available atmospheric
COz, which is then released during the combustion process realizing what is called “closed carbon
cycle”, with net zero emissions that do not contribute to the global warming [1,2]. Furthermore,
biomass and biomass derived compounds are relatively cheap, and they are ethically accepted by
the society because their production does not compete with food crop production. The research
community based on this motivation is looking for the development of new and economically viable
routes to sustainable chemical products.
In this context, many studies have highlighted the lignocellulosic biomass as feedstock to obtain
levulinic acid (LA), that was identified by the United States Department of Energy as key target
molecule for the production of renewable fuels, fuel additives, green solvents, polymers, value-
added fine chemicals, flavoring agents and resins [3—6].
Thus, LA offers one of the largest families of derivatives of potential industrial interest because it
possesses both keto and carboxylic acid groups and with this special molecular structure a series of
chemical reactions such as esterification, hydrogenation, halogenation, and oxidation can occur. To
highlight the value of LA, the most promising reaction is the hydrogenation to y-valerolactone
(GVL), a platform molecule that has gained considerable attention in the last decade.
GVL is a heterocyclic five carbon ester (CsHgO2) with one methyl group in y-position, has a sweet,
herbaceous odor that makes it perfect for application in perfumes and food additives [7,8]. For its
attractive physicochemical properties, GVL can be used as a solvent for various processes, for the
synthesis of biomass derived chemicals; a precursor for even higher value-added chemicals (like
1,4-pentanediol, 2-methyltetrahydrofuran) and in the fuel sector [9—11].
Although GVL also possesses a stereogenic carbon center, the major applications in the fuel sector
or as solvent does not require a specific enantiomeric form and GVL is usually synthesized and
used in the racemic form.
According to the literature, the production of GVL from LA hydrogenation over a catalyst is the
most efficient and economic method reported to date [12]. Both homogeneous and heterogeneous
catalysts have been studied over the past decades for this reaction. Typically, precious metals such
as iridium (Ir) [13], palladium (Pd) [14], platinum (Pt) [15] and ruthenium (Ru) [16,17] are the most
often used catalysts. In particular, Ru-based catalysts are by now classified as benchmark catalysts

for this reaction, since high GVL yield can be reached (> 97%) under relatively mild condition [18].
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The most accredited reaction pathway at low temperature is the hydrogenation of LA to v-
hydroxypentanoic acid (HPA) followed by the intramolecular lactonization to GVL [19,20].

A recent mechanistic study performed by isotopic labeling experiments has confirmed the above
hypotheses establishing that the hydrogenation goes mainly via HPA and subsequent lactonization
when the reaction occurs in mild conditions using Ru/C as catalyst [21].

It has been hypothesized that the two reactions are catalyzed by two different sites: the metallic sites
for hydrogenation reaction and the acid sites for the lactonization reaction. Although Ru/C is the
commonly used catalyst for such reaction, being characterized by the presence of both metallic and
acid sites, [22] it suffers from slow but irreversible deactivation, probably due to the sintering of the
ruthenium particles and the formation of carbonaceous deposits on the catalyst surface.

Lately we have synthesized a bifunctional catalyst, obtained by a proper reduction of a gel-derived
(Ru02)0.038(Nb205)0.024(S102)0.938 nanomaterial, showing a much higher stability than Ru/C catalysts for
this reaction and characterized by a high and uniform dispersion of Ru nanoparticles in the acid matrix
[20]. In particular, the mentioned catalyst showed an activity of 370 times higher than Ru/C,
considered nowadays a benchmark catalyst for y-valerolactone synthesis activity [20].

In a recent review Yu et al. [23] examined the effects of the acid characteristic of the support in which
the metallic phase is dispersed on the performance of bifunctional catalysts for the heterogeneous
transformation LA to GVL. They conclude that the acidity of the support plays a key role in this
transformation affecting both the metal dispersion and the stability of the catalyst in mild reaction
conditions [23].

In this paper the effect of the chemical composition of different Ru-Nb-Si gel-derived nanostructured
materials on the catalytic performance in the LA hydrogenation reaction was explored with special
attention to the acid surface characteristics of the matrix in which the Ru nanoparticles are dispersed.
Keeping the RuO, amount at 3.8 mol% the Nb2Os content was changed from 0 to 6.9 mol% in the
Ru0>-Nb,05-Si0, (Ru-Nb-Si) mixed-oxide system with the aim to clarify the role played by the two
components (the metallic phase and the acid matrix) in determining the reaction pathway and then the
GVL yields. In this context, the possibility to study the interaction between Ru and Nb is of pivotal
importance. Therefore, Field Emission Scanning Electron Microscopy (FESEM) combined with Energy
Dispersive Spectroscopy (EDS) mapping were employed to get information at nanometric level on the
location of the Ru and Nb metals within the silica matrix, depending on the composition of the catalysts.
This advanced tridimensional characterization allowed therefore to monitor the morphology and to
make correlations with the composition close to the surface of the materials upon activation. It should
be noted that modulating the composition of the support and then its acid characteristics, either HPA or

GVL were isolated as the only product of the reaction.



2. Materials and methods

2.1 Sol-gel synthesis

The following reagents by Sigma—Aldrich were used: tetraethoxysilane (TEOS, Si(OC:Hs)4
99%), niobium(V) chloride, (NbCls 99%), ruthenium(Ill) chloride-3-hydrate (RuCls-3H,0
99.98%), anhydrous ethanol (EtOH). Mixed-oxide materials, whose nominal molar composition is
reported in Table 1, were prepared by a one-pot sol-gel route with slight modification of our
previous procedure [20].
More in detail, an alcoholic solution of NbCls with a molar ratio NbCls/EtOH = 1:6 was prepared in
a dry box at room temperature. The solution was stirred for 60 minutes to allow the formation of
partially substituted Nb(OEt)s.x(Cl)x species and the removal of produced HCl. To an alcoholic
solution of TEOS (with molar ratio TEOS/EtOH = 1:4) a proper amount of RuCl3-3H>O was added
and the latter solution was mixed with the former. The resulting clear reddish mixture was
hydrolysed at room temperature by using deionized water (with final molar ratio TEOS/H>O = 1:4).
Transparent dark-red gels were obtained within few days, depending on the Nb content; the gelled
systems were kept aging for 3 days and then fully dried in air at 110 °C in an electric oven. The

amorphous dried gels (xerogels) were annealed for 2 h at 500 °C in air (Table 1).

Table 1. Composition and textural properties of studied samples.

N
’ NH;-TPD® Nb/Ru Dr.
physisorption®
Sample Molar Composition
Seer” Acid sites! Ox* Red’
(m’g™) (mmol/g)
4Ru0ONb RuO:(0.038)° S102(0.962) 523* >0.01 - - 12
4Ru2.5Nb  RuO2(0.038)"Nb2Os(0.024)* S102(0.938) 398 0.08 0.6 1.6 5
4Ru5Nb Ru02(vo3g) 'Nb205(0_047) ' SiOz(oms) 472 2.39 1.1 3.6 5
4Ru7.5Nb Ru02(0_03g)‘Nb205(0,069)‘Si02(0_893) 412 2.00 1.9 1 1 .0 4

2annealed sample at 500°C for 2 h

bspecific surface area calculated by BET method.

4amount of NH; chemisorbed per gram of sample.

¢Nb/Ru mass ratio of Nb and Ru average amounts from EDS maps of different regions of the sample.
freduced sample in H, (1 bar, 0.1 ml/min) at 300°C for 3 h.

¢ ruthenium dispersion obtained by CO chemisorption.

*[38]



The catalysts used in the reaction were obtained from these materials by a reduction treatment under
a 0.1 L min! H, flow, 1 bar, 300 °C for 3 h and finally cooled at room temperature (r.t.) under H,

flow.

2.2 Structural, morphological, and surface acidity characterization

X-ray diffraction patterns were recorded with a Bruker D8 X-ray diffractometer, operating in the
reflection mode with Cu-Ka radiation (AL = 1.5418 A, 40 kV, 30 mA). The data were collected in the 5 -
80° range (268) with steps of 0.015°, time per step of 0.15 s.
FTIR (Fourier Transform Infrared) spectra were collected in the ATR (Attenuated Total Reflection)
mode using a Bruker Equinox 55 spectrometer equipped with a Platinum ATR cell, in which
diamond (refractive index = 2.41) is used as ATR crystal. The spectra were recorded with 100 scans
between 4000 and 500 cm™! with a resolution of 4 cm’!.
DR UV-vis (Diffuse Reflectance UV-Visible) spectra were recorded in the range of 200 — 800 nm
on a Shimadzu UV-3600 Plus spectrophotometer. A Spectralon® Diffuse Reflectance Standard was
used to measure the background spectra. The measured intensity was expressed as the value of the
Kubelka—Munk function F(R).
N> adsorption/desorption isotherms at —196 °C were obtained with a QuantachromeAutosorb 1
instrument on samples previously outgassed at 300 °C under vacuum for 3 h to remove water and other
atmospheric contaminants. The BET (Brunauer-Emmett-Teller) method was used to calculate the
samples specific surface area, SBET.
FTIR spectroscopy measurements of NH3 adsorption were carried out at room temperature (r.t.).
FTIR spectra of self-supporting wafers were collected on an Equinox 55 (Bruker)
spectrophotometer equipped with MCT (Mercury — Cadmium- Telluride) cryodetector. The
powders were pressed into thin self-supporting wafers (optical density of about 20 mg cm™) and
treated under high vacuum (residual pressure <10~ mbar) at 300 °C in a standard vacuum frame, to
remove water and other atmospheric contaminants. Afterwards, increasing pressures of NH3 ) were
dosed on the outgassed samples (equilibrium pressure range: 0 — 15 mbar) and then, the samples
were outgassed for 1 h at r.t. and at 300 °C, to check adsorption reversibility.
NH;3-TPD (Temperature Programmed Desorption) measurements were carried out using a
CATLAB-PCS (Hiden Analytical), a quartz microreactor coupled to a Mass Spectrometer. About
0.1 g fresh sample was preheated in argon flow (50 mL min™) at 300 °C for 60 min (ramp 10 °C
min). Adsorption of NH3 (5 vol. % in helium; flow rate 30 mL min™') was done at 70 °C. The TPD
measurement, under an argon flow of 30 mL min™!, was conducted by heating the sample from 70 to

600 °C at a 10°C min™' rate.



FESEM (Field Emission Scanning Electron) measurements were performed using a Tescan S9000G
FESEM 3010 microscope (30 kV) equipped with a high brightness Schottky emitter and fitted with
Energy Dispersive X-ray Spectroscopy (EDS) analysis by an Ultim Max Silicon Drift Detector
(SDD, Oxford). For analyses, the samples, in the form of powders, were deposited on a stub coated
with a conducting adhesive and inserted in the chamber by a fully motorized procedure. In order to
determine the Nb/Ru ratios listed in Table 1 for 4Ru2.5Nb, 4Ru5SNb and 4Ru7.5Nb, EDS mapping
were carried out on each sample either annealed for 2 h at 500 °C in air or reduced for 3 h at 300 °C
for 3 h under H> flow. The EDS analyses were performed on different regions of each sample by
adopting the same instrumental beam parameters to keep constant the interaction volume. In this
way, the average amounts (weight %) of Nb and Ru were obtained and then the Nb/Ru ratios were
calculated.

Carbon monoxide chemisorption was performed in a Micromeritics Pulse Chemisorb 2705
equipment. The catalyst (0.15 g), placed in a U-shaped sample tube, was heated at a rate of 10 °C
min’!, under a pure flow of Ha, to perform a reduction pretreatment at 300 °C for 3 hours. The
sample was cooled down to 35 °C. The CO chemisorption was performed sending pulses of 0.037
mL of CO in helium, to the sample and recording the corresponding peak value of the non adsorbed
CO. This process was repeated until saturation, namely when no more CO was adsorbed when an
additional pulse is given. The total amount of CO adsorbed is found by summing the amount

adsorbed at each pulse.

2.3 Catalytic tests

The catalytic experiments were conducted following our previous studies in the field [Minieri,
L.; Esposito, S.; Russo, V.; Bonelli, B.; Serio, D.; Silvestri, B.; Vergara, A.; Aronne, A. A Sol — Gel
Ruthenium — Niobium — Silicon Mixed-Oxide Bifunctional Catalyst for the Hydrogenation of
Levulinic Acid in the Aqueous Phase. 2017, ChemCatChem 1476-1486.]. The experimental
procedure is here briefly described: 4.0 g of LA, 200 g of water and 0.5 g of pre-reduced catalyst
were loaded to the reactor. The system was heated at 70 °C at a constant stirring rate of 300 rpm,
then hydrogen was fed at a constant pressure. Samples were withdrawal along the experimental
time to measure the products distribution via GC analysis, using ethylene glycol as an external
standard (100 puL in 2 mL of reaction sample). The sample (1uL) was injected in a PerkinElmer
Clarus 580 GC, working with a 30 m x 0.32 mm x 0.26 pm Supelco SLB-IL60 column, with a FID
detector, a PSSI injector working at 300 °C, carrier (He) pressure of 14 psi and working in on-
column mode. The temperature ramp was set as follows: 100 °C heating to 300 °C with a rate of 10

°C min™'; the temperature was kept at the final value for 25 min. The retention times were the
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following: ethylene glycol: 4.7 min; y—valerolactone: 6.2 min; y—hydroxypentanoic acid: 7.11 min;
levulinic acid: 10.4 min.

The reliability of GC-FID analysis was checked by comparing the results with the ones obtained via
'"H-NMR: GVL and HPA selectivity values show an error below 6% (see Supplementary Material).
The catalyst pre-treatment was performed in a fixed bed reactor working at 0.1 L min™' H> flow, 1

bar and 300 °C for 3 h.

3. Results and discussion

3.1 Structural, textural, and electronic properties

All dried gels are amorphous (data not shown) while the XRD profiles of the annealed samples
(2 h at 500 °C) are shown in Fig. 1. The peaks of Ru(IV) oxide, RuO., (JCPDS Card No. 40-1290) can
be noticed in all profiles [20,24] together with a broad halo centred at approximately 20 = 24°, typical of
amorphous silica [25-27]. This indicates that the annealing causes the precipitation in the amorphous
matrix of small RuO; crystals. On the other hand, the lack of typical peaks of Nb,Os crystalline

aggregates corroborates the hypothesis of a very high dispersion of niobium in the siloxane matrix.

* —— 4RulNb
—— 4Ru2 SNb

* —4RuSNE
—— 4RuT .5Nb

& Ru0,

Intensity (a.u.)

26 (%)

Fig. 1. XRD patterns of gel-derived materials annealed at 500 °C for 2 h. The pattern of the corresponding 4RuONb

sample is also reported as a reference.

Actually, the highest lines for the monoclinic (H-Nb2Os, JCPDS card 32-711) and the orthorhombic
(T-Nb2Os, JCPDS card 27-1312) polymorphs occur in the 20°-25° 26 range where only the peak of
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the amorphous halo is seen (Figure 1). On the other hand, due to the more complex structure of H-
phase, containing 3 x 5 and 3 x 4 ReOs type blocks superstructures, than the T-phase one, formed
by corner- and edge- sharing distorted octahedra and pentagonal bipyramids, it was expected that at
this temperature the initial crystallization of T-Nb2Os could eventually to occur at least for the
samples at high Nb content, but the bottom-up procedure adopted to synthesize the materials allow
to obtain a dispersion of niobium into the siloxane matrix at molecular level, as demonstrated by the
structural characterization later on reported. [Aronne et al. J Sol-Gel Sci Technol (2007) 43:193—
204].

The FTIR-ATR spectra of the annealed samples are displayed in Fig. S1. In the range 2850-3650
cm’!, the FTIR-ATR spectra of all the samples exhibit a broad absorption band due to the O-H
stretching mode of H-bonded hydroxy groups, due to the adsorption of water vapour after exposure
to the atmosphere, as the spectra were taken at ambient conditions. Accordingly, at lower
wavenumbers (Figure S1), the bending mode of adsorbed molecular water (do-n) [30, 31] is
observed at 1630 cm’!. All the samples show the typical vibration modes of siloxanes (Si-O-Si)
groups in the silica network at 1055 and 1200 cm™ and at 795 cm™! assigned to the asymmetric (vsi.
o) [28] and symmetric (vsio-si) [29] stretching mode of Si-O-Si groups. The spectrum of the
4RuONb sample shows a band at 970 cm™!, due to the stretching mode of Si-O-Ru groups, forming
by insertion of Ru in the silica matrix (Applied Catalysis A: General 182 (1999) 257-265).
Interestingly, the addition of Nb (samples 4Ru2.5Nb, 4Ru5Nb and 4Ru7.5Nb) brings about the
appearance of a (more intense) absorption at much lower wavenumbers, i.e. 950 cm™!, due to the
progressive formation of Si-O-Nb bonds due to the insertion of Nb within the silica matrix [29], in

agreement with the XRD findings.

The DR UV-vis spectra (Fig. S2) of the annealed samples containing niobium are dominated by the
band due to the charge-transfer transition (from O* to Nb>*) centred at about 245 nm. It can be
assigned to distorted NbOs octahedra, which are associated with Brensted acid sites.

As the niobium content increases, the peaks position shift to slightly higher wavelengths and the
absorption bands become a little wider indicating the presence of a broad distribution of isolated
NbOs octahedra (less or more distorted), in agreement with FESEM findings. [32]. The lack of
absorption bands above 300 nm suggests that the occurrence of niobia-like domains can be
excluded since Nb,Os strongly absorbs below 400 nm (Catalysts, 2019, 9, 344).

The specific surface areas were obtained by the elaboration of the N> adsorption isotherm using the
BET method and reported in Table 1. The shape of the adsorption—desorption isotherms (not
reported) appears of type Ib according to the [IUPAC classification, indicating the possible presence
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of wide micropores; differently from a microporous material the plateau starts at P/P° > 0.2 values,
suggesting the presence of a certain mesoporosity. According to the results, among the samples with
the same content of ruthenium, the 4RuONDb catalyst displays the highest specific surface area (523

m?g ") while a decrease can be observed in the samples containing niobium.

3.2 Surface acidity properties

To assess the nature of acid sites on the surface of the synthesized materials a spectroscopic
IR investigation was performed using NH3z as probe molecule, because it can interact with both
Bronsted acidic sites (by forming NH4" ions) and Lewis acidic sites (by forming acidic-basic
adducts) [33]. Its small size allows quantitatively probing of almost all acid sites in micro-, meso-,
and macro-porous oxides [34]. The protonated species (NH4" ions) and the coordinatively bonded
NH3 in Lewis adducts have different N-H vibrations. In particular, the deformation vibrations
(bending modes) at ca. 1450 and 1610-1630 cm™! provide reliable indicators for the presence of
protonated and coordinatively bonded NH3, respectively.
Figure 2 reports difference spectra (after subtraction of the spectra of the bare samples, i.e.,
outgassed at 300 °C) concerning NH3 adsorption (equilibrium pressure ca. 5.0 mbar) at r.t. on the

annealed samples previously outgassed at 300 °C.

0.08
1456
0.06 Brensted-Lowry
1610
0.04 4 Lewis
b 1633
@ Si-OH
3 002-
(=]
s ]
< 0.00
003 - 4Ru7 5Nb
| 4RUSND
—4Ru2 5Nb
0044 ——4RuOND
1700 1600 1500 1400

Wavenumbers / cm™!

Fig. 2. Difference FTIR spectra concerning the room temperature adsorption of NHj (equilibrium partial pressure ca 5.0
mbar) on the samples previously outgassed at 300 °C. Spectra have been normalized to sample unit weight, in order to

allow comparison.



To allow comparison, the spectra in Fig. 2 were normalized to sample unit weight, in such a way
that the bands intensity of different samples can be compared.

The analysis of the spectra displayed in Fig. 2 reveals that, in the absence of Nb a single band is
observed at 1633 cm™! (4RuONb sample), readily ascribed to NH; molecules interacting with surface
Si-OH species via H-bond [35,36], such OH groups being weakly acidic and, thus, unable to
transfer a proton to NHs, but able to H-bond the molecule at r.t.. Addition of Nb brings about the
appearance of other two bands at ca. 1610 and 1456-1465 cm™. The former is assigned to the
bending mode of NH3 molecules adsorbed on coordinatively unsaturated Lewis (L) sites (e.g. Nb>*
ions) [37], the latter to the bending mode of NH4" species, formed upon interaction between NH3
and (Nb-related) acidic -OH groups acting as Bronsted sites (B). Such bands were not removed by
prolonged evacuation at r.t., but by outgassing the samples at 300 °C (spectra not shown). Since the
spectra have been normalized to sample unit weight, a comparison of the relative intensity of the
bands is allowed, showing that both intensities follow this trend: 4Ru2.5Nb < 4Ru7.5Nb < 4Ru5Nb.
This trend also agrees with the total desorbed amounts of NH3 measured by TPD later reported.
Both L and B bands are less intense with 4Ru2.5Nb, showing that at low Nb loading the surface
acidic sites are less abundant; moreover, the band due to the bending mode of the NH4" species is
seen at 1465 cm’!, i.e., at lower wavenumbers than with the other two samples (4Ru5SNb and
4Ru7.5Nb), giving rise to a bending mode at 1456 cm™. The position of the bending mode is related
to the strength of the interaction of NH3 with surface OH groups, i.e., to their acidic strength [37]
showing that the 4Ru2.5Nb has weaker B sites. Considering the spectra in Fig. 2, the 4Ru5Nb
catalysts seems to be the one containing more acidic sites, whereas at higher Nb loadings

(4Ru7.5Nb) some Nb-related phenomena occur, which bring about an overall decrease of acidity.

The surface acidic properties of the synthesized materials were also analysed by NH3 temperature-
programmed desorption (TPD) experiments. The obtained values of the total amount of NHj
desorbed are reported in Table 1. As can be seen, the trend of these values well agrees with the
above IR analysis. As matter of fact, the acidity of 4RbONb is very low, then we observe an
increase of acidity with the increase of Nb content until a nominal concentration of 4.7%. The

acidity then decreases for a further increase in Nb amount.

The trend of the surface acidity displayed by the studied samples can be explained considering that
the intensity of NH3z bands is due to the increased number of available acidic sites to which
ammonia molecules have access. The fact that the bands intensity and, hence, the number of
accessible acidic sites, increases by reaching a maximum, then decreases, is a rather common

phenomenon, due to the dispersion of adsorbing sites, which typically reaches a maximum and
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decreases at higher loading. On the other hand, the decrease of the acidity with the Nb increase was
also observed in the Nb-P-Si system (A. Gervasini et al. / Molecular Catalysis 458 (2018) 280-
286). It was explained as due to the structural evolution occurring with the increase of Nb content
producing a higher the crosslinking degree of Nb-O-Si and a consequent decrease of the fraction of
isolated NbO4 tetrahedra, which give a strong Lewis acidity, in agreement with UV—-vis DRS
findings.

NH3 TPD and FTIR spectroscopy studies point out that the composition, i.e. the Nb/Ru ratio,
strongly influences the surface acidity of the catalysts, which suggest that a synergic interaction

between Ru and Nb is established within the silica matrix.

3.3 Morphology and elemental distribution of both annealed and reduced materials

The morphology and element distribution of both annealed (500 °C in air for 2 h) and
reduced (300 °C under H> flow for 3 h) materials were investigated by FESEM. The aim was to
obtain information on the dispersion of Ru and Nb as well as on their respective arrangements
within the materials to disclose the interaction between the two elements. Upon reduction at 300 °C
the 4RuONbD catalyst contains large metallic Ru flower-like agglomerates, as shown in panel a of
Fig. S3. Such peculiar Ru morphology was previously observed on the same sample annealed in air,
before reduction (see Supporting Information, Figs. S4 and S5) [38], confirming that the Ru flower-
like morphology is not induced by the reduction treatment. Moreover, EDS analyses carried out on
different points of the reduced sample (panel b of Fig. S3) clearly put in evidence the presence of
Ru also in regions of the catalyst where the flower-like Ru species are not observed, therefore
indicating that Ru species are homogeneously dispersed within the silica matrix, in agreement with
the results of EDS mapping carried out on the annealed sample (panel ¢ of Fig. S5) [20,26].
FESEM representative images of the 4Ru2.5Nb catalyst (reduced sample) are shown in panels a and
b of Fig. 3, revealing similar Ru flower-like morphology also in the presence of Nb. EDS maps of
Si, O, Ru and Nb showed homogeneous distribution of the different elements at nanometric scale
within the 4Ru2.5Nb catalyst, panel ¢ of Fig. 3 (additional experimental findings on both annealed

and reduced materials are reported in Figs. S6-S8 of the Supporting Information).
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Fig. 3. FESEM image (a) and EDS layered image (b) of the 4Ru2.5Nb catalyst. EDS maps of the region shown in a) for
Si, O, Ru and Nb (c). Image collected at 25 kV with the standard SE detector. Instrumental magnification: 34000x.

These findings were corroborated by measurements carried out at higher magnification (Fig. 4), that
highlighted the Nb dispersion at atomic level, whereas Ru is in the form of very small nanoparticles
with size similar to that observed previously for 4RuONb [20, 26]. These features put in evidence a

close contact between the highly dispersed Nb and Ru species.
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Fig. 4. FESEM representative image of 4Ru2.5Nb catalyst and EDS spectra of selected points/regions. Image collected
at 25 kV with the standard SE detector. Instrumental magnification: 261000x.

Morphology and element distribution were checked also in the case of both annealed and reduced
4Ru5Nb and 4Ru7.5Nb samples. Similar features were observed, as shown in Figs. 5 and 6,
confirming that also in these cases, Ru is located in regions where the flower-like morphology is not
present and that Nb is homogeneously dispersed within the materials, independently of the Ru
amount in the catalysts. (Further experimental evidence is reported in Figs. S9-S13 of the

Supporting Information.)
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Fig. 5. FESEM image of the 4Ru5SND catalyst (a), EDS layered image (b) with the corresponding EDS maps O, Si, Ru
and Nb (c). Image collected at 25 kV with the standard SE detector. Instrumental magnification: 30000x.
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Fig. 6. FESEM image of the 4Ru7.5Nb catalyst (a), EDS layered image (b) with the corresponding EDS maps of Ru,
Nb, O, and Si (c). Image collected at 25 kV with the standard SE detector. Instrumental magnification: 15000x.
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In Table 1 the Nb/Ru ratios calculated based on EDS maps (obtained as wt % of the different
elements) are summarised for all ternary materials containing Nb. The ratios have been determined
for both annealed and reduced catalysts. As already reported, the ratios have been determined from
the average amounts (weight %) of Nb and Ru detected by EDS in different regions of both
annealed and reduced catalysts.

Overall, the Nb/Ru increases with increasing the Nb loading and it is shown that, among the
annealed samples, 4Ru2.5Nb has the lowest Nb/Ru ratio, meaning that in this case the lowest
amount of Nb is located at the surface and/or close to the surface of the material.

Upon reduction at 300 °C, an increased Nb/Ru ratio was observed for all the catalysts, which could
be an indication that Nb migrates toward the surface of the catalyst under reducing conditions,
possibly affecting the distribution of the highly dispersed Ru phase [39]. Moreover, such
enhancement was minimum for 4Ru2.5Nb and it was particularly evident for 4Ru7.5Nb. These
features corroborated that the Nb species are highly and homogeneously dispersed on the 4Ru2.5Nb
material either after oxidation at 500 °C or after reduction at 300 °C, in agreement with XRD and
FTIR-ATR results.

In addition, the ruthenium dispersion in the reduced materials was also estimated by CO
chemisorption and the results are summarized in Table 1. As established in our previous study
[Esposito et al. ACS Catal. ACS Catal. 2019, 9, 3426—3436], in the case of Ru catalysts synthesized
by sol—gel this technique is a hardly applicable method because it is difficult to exactly determine
how many of the Ru atoms are incorporated into the three-dimensional network of the matrix
covalent skeleton. Nevertheless, the Ru dispersion estimated for the 4RuONDb catalyst (about 12%)
well agrees with the previously reported one [Esposito et al. ACS Catal. ACS Catal. 2019, 9,
3426—3436]. The Nb addition gives an apparent lower dispersion (about 5 %) that is the same
independently from the Nb content. This result is related to the strong mutual interaction occurring
between the Ru and Nb in agreement with the above characterization, that shows a similar
elemental distribution among the studied catalysts [39,40].

In conclusion, the observed interaction between Nb and Ru is depending on the composition and

affects both metal availability and acidity of the bifunctional Ru-Nb-Si catalysts.

3.4 Catalyst screening for LA hydrogenation to GVL
The Ru-Nb-Si catalysts were tested in the hydrogenation of LA to GVL, under mild
conditions and in aqueous environment. In Fig. 7, the intermediate y-hydroxypentanoic acid (HPA)

and product (GVL) final concentrations (after 2 h) for each catalyst are displayed.
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Using the 4RuOND catalyst at the end of the reaction LA is completely converted into HPA and only

traces of GVL were observed.

Fig. 7. Conversion (x) of LA and selectivity (s) to GVL and HPA obtained for each catalyst at 2h reaction (70 °C, Puo=
20 bar, 200g water, 4.0 g LA, 0.5 g catalyst).
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In the case of catalysts containing niobium the lactonization reaction of HPA to GVL was favoured
with almost complete selectivity to GVL whereas different final LA conversion values were
obtained with the increase of niobium content indicating that the yield to GVL is strongly
influenced by the acid characteristics of the matrix.

The turnover frequency (TOF) per mole of ruthenium was calculated as the LA consumption rate

referred to the number of moles of ruthenium, as shown in the following equation:

1 dnLA
Mgy dt

TOFg, = (1)

and the results obtained are shown in Table 2, where the TOFry normalized with respect to the

estimated dispersion values (TOFru/Dru) are also displayed.
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Table 2. TOFry, TOFry/Dry values and kinetic constants calculated on the experimental data.

Catalyst TOFru[s']  TOFr«/Dru[s']  ki[h'] k2 [h]

4RuONb (5.85£0.02)-10%  (4.9£0.2)-107 2.20+0.04 0.010+0.005

4Ru2.5Nb (1.24£0.02)-10%  (2.5£0.2)-103  0.26+0.02 8.8+0.1
4Ru5Nb (0.98+£0.01)-10%  (2.0£0.2)-107 0.25+0.02 29.4+0.1
4Ru7.5Nb (0.95+0.01)-10%  (2.4+0.2)-10°  0.25+0.02 29.9+0.2

The TOFru values calculated on the LA reveal the influence of catalyst composition on LA
conversion. However, to investigate quantitively the influence of morphology on both LA
conversion and selectivity to GVL or HPA, deeper kinetic analysis of the data was performed. The
kinetic data collected using the different Ru-Nb-Si catalysts were elaborated using a pseudo-
homogeneous kinetic model, which considers that the reaction is in series, the reagent LA produces

the intermediate HPA in the first step, and HPA is converted into the product GVL in the second

o OH
-H o
OH + Hz OH 20 0
T > 7 >
LA HPA GVL

step:
The rate of LA disappearance, 7, is given by the equation:

= kiCra (2)

The rate of disappearance of the intermediate HPA, 72, is given by the equation:

2 = k2Cypa (3)

It is assumed that the kinetics are of the first order both in the first and in the second reaction step
since the experiments were conducted in excess of hydrogen and both kinetic constants have

physical dimensions equal to [h!]. The mass balance equations are as follows:

dCpa

dt = _kICLA (4)
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de
% = +kICLA - kZCHPA (5)

dc
% = + k2Cupa (6)

The two kinetic constants of the reactions, k; and k>, were estimated and their values are displayed
in Table 2.
In Fig. 8, as an example, the comparison between experimental data and the concentration profiles

obtained by the model is displayed for 4Ru2.5Nb.

Fig. 8. Experimental data and calculated concentration profile for 4Ru2.5Nb as catalyst. (70 °C, Py, = 20 bar, 200 g
water, 4.0 g LA, 0.5 g catalyst).
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The values of &; calculated well agree with both TOFr, and TOFru/Dry values (Table 2) confirming
that the hydrogenation is mainly controlled by extent of interaction between Ru and Nb. The
hydrogenation activity is maximum for the Nb-free catalyst (4Ru0ONb) and becomes lower with the
increase of niobium. As revealed, even the trend of TOFry/Dry values follows that of TOFr, ones,
showing the pivotal role in the Ru availability and thus in the hydrogenation activity is played by
the synergistic interaction between the Ru and Nb. An opposite trend is seen for the lactonization
kinetic constant k> that is mainly favoured by the increasing niobium content and so by the
increasing of the acidity of the surface.

It must be pointed out the observed 100% selectivity of 4RuOND catalyst to HPA with the complete

conversion of LA. At our knowledge this is the first case where such results have been reported.
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The silica support for ruthenium in the LA hydrogenation is not extensively used because ruthenium
catalysts on silica prepared by impregnation are subject to irreversible deactivation for the sintering
phenomena [41]. However, in addition to the acidity of the support, selectivity can also be inflected
by reaction conditions. For example, Kuwahara et al. [42], working at 70°C (as in this work) with a
ruthenium catalyst supported by impregnation on silica, achieved a selectivity of 4% at HPA for a
conversion of 88% LA [42]. However, one must consider that in addition to the possible difference
in acidity of the support, they used about 15 times higher concentration of LA and about 2.5 times
higher concentration of catalyst. This certainly increases the acidity of the reaction environment.
Based on the above results, we explored the possibility to perform the whole transformation of LA
to GVL by means of two separate and consecutive steps. In the former the LA hydrogenation to
HPA takes place using the 4RuONDb catalyst and in the successive step the HPA dehydration to GVL
occurs using a catalyst with suitable distribution of acid sites. For the latter step we used the
2.5Nb205-97.5S10; catalyst whose catalytic performance was described in a previous paper [25].

A preliminary test was performed adopting the same reaction conditions described in section 2.3 for
the first step, obtaining a liquid solution rich of HPA. This solution, in the consecutive step, was put
in contact with the 2.5Nb205-97.5S10; catalyst, obtaining very encouraging results: after 2h of
reaction, HPA was fully converted in GVL, leading to no side product.

4. Conclusions

Bifunctional ruthenium-niobium-silicon mixed oxides-based catalysts, with different contents of
ruthenium and niobium, were studied for levulinic acid hydrogenation to y-valerolactone. The
results of catalytic tests in a fed-batch reactor under H, flow were coupled with a comprehensive
characterization, in order to establish structure-activity relationships. The pre-reduced Ru-
containing catalysts demonstrated to be effective in the hydrogenation of LA to HPA, whereas for
the successive lactonization reaction the presence of niobium is necessary as it is responsible of the
increased acidity of the catalyst. The sol-gel synthetic procedure allowed to obtain materials with
high dispersion of both niobium and ruthenium and intimate interaction between them. Upon the
reduction treatment, a competitive migration between the two metals takes place, leading to a
variation in the surface exposure of Ru and Nb species. This phenomenon is strongly connected
with the different Nb/Ru ratios of the catalysts and therefore affects in different extent the
ruthenium availability, ultimately ruling the hydrogenation activity.

Furthermore, for the first time a catalyst has been found to obtain 100% selectivity to HPA at

complete conversion of LA.
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