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Abstract

Catalytic hydrogenation of plant-derived levulinic acid (LA)
to y-valerolactone (GVL) is a promising way for obtaining liquid
fuels by sustainable methods. This work deals with the synthesis
of a hybrid organic—inorganic ruthenium catalyst that showed
high activity and stability in the production of GVL. A
combination of an organic phase, namely, a layer of a branched
pyridylphenylene polymer that uniformly distributes the catalytic
complexes over a substrate, and an inorganic carrier SiO, with
magnetic nanoparticles, which has a hydrophilic surface, allowed
for accomplishing the reaction in water and provided GVL in a
quantitative yield for 180 min at 150 °C and 2 MPa or for 60 min
at 150 °C and 5 MPa. Owing to simple recovery through
magnetic separation, the catalyst was used in six catalytic runs
without a significant decrease in the activity.
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Introduction

Progress in the development of chemical science is
inextricably connected with the development and improvement
of modern catalytic systems. Traditionally, catalysts are divided
into homogeneous, which are in the same phase with reacting
compounds, and heterogeneous, which do not dissolve in the
reaction mixture. Homogeneous catalysts commonly consist of
an organic ligand which coordinates and stabilizes metal center
atoms and exhibit high activity and selectivity. However, their
industrial application is limited due to the impossibility of
recycling, difficulty of isolation, and contamination of the target
product. In contrast, heterogeneous catalysts can be easily
recovered from the reaction mixture, regenerated and recycled;
however, they are significantly inferior in the activity and
selectivity to homogeneous catalysts. One of the most
commonly used methods for heterogenization is the application
of a metal on a substrate, such as SiO,, Al,O3, TiO,, ZrO,, etc.

At the same time, the creation of hybrid organic—inorganic
systems allows for joining together the advantages of both
classes of catalysts, combine the possibility of repeated use with
high activity in one composite [1, 2]. In such systems, organic
and inorganic phases are combined on a nanometer and sub-
micrometer scale, and the structural features are not just the sum
of individual components, but the result of their interaction and
mutual influence [3]. Organic and inorganic phases, as a rule,
are covalently bound with each other, most often through an
oxygen-containing functional group [4, 5]. Nitrogen- and sulfur-
containing groups are also used to form spacers [6]. In this case,
the organic part serves to stabilize and coordinate the metal

center, while the inorganic part ensures separation of the catalyst
from the reaction mixture [4, 7].

Such systems are created using graphene, carbon nitride,
carbon nanotubes, silica gel, and other materials [8—12]. This
approach leads to the most efficient use of a metal owing to its
high dispersion on the substrate. At the same time, there remains
a danger of aggregation of metal centers if stabilization is not
sufficient. Therefore, when designing hybrid catalytic systems,
the organic ligand, in addition to coordinating the metal atom,
must create steric hindrances that prevent the aggregation of
catalytic particles and also form a barrier to leaching of the
metal into the reaction medium. In this respect, hybrid catalysts
based on dendritic ligands have become widespread. These
were obtained based on poly(propyleneimine),
poly(amidoamine), polylysine and other dendrimers [13-19].
However, these types of dendrimers are flexible molecules and

systems

their chains are capable of the so-called backfolding, i.e., can
fold and change their conformation, thereby hindering access for
reacting molecules to the catalytic centers. An attractive
alternative to flexible-chain dendrimers are rigid-chain
molecules with limited torsional rotation around bonds that
retain their branched architecture regardless of a solvent,
temperature, and other conditions. These compounds include
fully aromatic pyridylphenylene dendrimers, which feature
constant shape, thermal and chemical stability, and high rigidity
[20].

Earlier, hybrid magnetically separable palladium-containing
catalysts have been developed using pyridylphenylene dendrons
that showed high catalytic activity in the Suzuki

Sonogashira cross-coupling in an aqueous medium for a series

and
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of model aryl bromide substrates [21-23]. The presence of a
magnetic component (Fe;O, nanoparticles) ensured the
reduction of material costs, since effective magnetic separation
of the catalyst after the reaction practically did not reduce its
activity in subsequent catalytic cycles. The pyridyl-containing
dendritic ligands effectively stabilized Pd nanoparticles and
complexes, preventing the catalyst loss in reactions and making
active sites accessible to substrates. The approach to the
synthesis of these systems was based on the sequential design of
catalytic systems, consisting of several stages: the dendron
synthesis, functionalization of silica gel surface, and cross-
linking of organic and inorganic phases. In order to reduce
material and energy costs, we developed a new method for the
formation of hybrid catalytic systems, based on the application
of a layer of hyperbranched pyridylphenylene polymer (HPP) on
an inorganic support: SiO, and ALO; [24]. The
polycondensation of two monomers in the presence of the
inorganic phase was accompanied by the formation of a cross-
linked branched polymeric structure on the substrate surface,
additionally stabilized by hydrogen bonds between the pyridine
units included in the polymer and the hydroxy groups on the
surface of the oxide substrate. The coordination of the resulting
composite with palladium acetate afforded a catalytic system
that exhibited higher activity in the Suzuki cross-coupling
between bromobenzaldehyde and phenylboronic acid than the
earlier published analogs [24]. The suggested approach also
appeared to be effective for creating the catalysts that show high
activity in the hydrogenation of CO, into methanol [25]. The
activity of the catalyst was superior to the commercially
available analog and remained at a high level over several
catalytic runs.

In this work, we studied the activity of hybrid composites
based on SiO,-Fe;O,—HPP in the hydrogenation of levulinic
acid (LA) to y-valerolactone (GVL). LA, obtained by hydrolysis
of lignocellulose, is an important basic compound that is utilized
in the industrial production of organic acids, pesticides, solvents,
etc. [26-28]. In particular, the hydrogenation of LA to y-
valerolactone (GVL) is one of the most promising reactions in
the field of biomass processing to obtain intermediate products
of fine organic synthesis and liquid fuel [29, 30]. Different
heterogeneous catalysts based on Co, Cu, Ni, Pt, and Pd have
been developed for this process [13, 31-35]. However, the Ru-
based catalysts exhibit the highest activity [36—38]. At the same
time, hybrid Ru-containing catalysts remain virtually unexplored
in this reaction. Taking into account the high catalytic activity of
the hybrid catalysts based on SiO,—Fe;0,~HPP-M (Me = Pd,
Cr) in the earlier studied processes [21-25], the investigation of
these catalytic systems in the LA hydrogenation seemed to be
promising. Furthermore, the high thermal stability of HPP is an
additional advantage that enables the use of such systems under
severe reaction conditions. In this work, a Ru** salt was applied
to the SiO,—Fe;0,—HPP support to form a catalytically active
composite. In this case, the polymer component was responsible
for the formation and stabilization of catalytic complexes, and
the mesoporous substrate with magnetic nanoparticles ensured
effective magnetic separation of the catalyst from the reaction
mixture and reaction products and its subsequent use, as well as
a large surface area.
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Results and discussion

The synthesis of the catalytically active composite was
accomplished in several steps. At the first stage, Fe;O,
nanoparticles were obtained in the pores of commercially
available mesoporous SiO, by thermal decomposition of iron
nitrate in the presence of a mild reducing agent [39]. The
particle size estimated by the Debye—Scherrer equation from
powder X-ray diffraction data was 13.2 nm. Magnetic
nanoparticles provide easy separation of the catalyst from the
reaction mixture for recycling by applying an external magnetic
field. This opens the way to more environmentally benign
processes, energy conservation, and cheaper target products.
After the formation of the magnetic substrate, a layer of
pyridylphenylene polymer was applied to its surface by the
Diels—Alder polycondensation of a first-generation dendrimer
with six ethynyl groups and a bis(cyclopentadienone) containing
two diene bonds. The synthetic scheme for the resulting
composite (SiO,—Fe;O,—HPP) is presented in Fig. S1 in the
Electronic supplementary information (ESI). Note that the
composite unit of the polymer incorporates six pyridine rings
capable of coordinating with metal salts. Thus, RuCl; was
introduced into the SiO,~Fe;O,~HPP substrate to form a
catalytically active composite in which Ru compounds are
stabilized by the matrix of the pyridine-containing polymer.

The hydrogenation of LA to GVL proceeds under severe
conditions, at high temperatures and pressures. Therefore, the
thermal and chemical stability of the catalyst are important
aspects that determine the possibility of using a particular
catalytic composite in the given reaction. It was previously
shown that the temperature of the onset of thermal
decomposition of SiO,~Fe;O,—~HPP is 510 °C, confirming the
high stability of the composite [24]. The surface area of SiOy—
Fe;0,~HPP calculated using the BET method was 246 m%/g
[24]. After the introduction of Ru, the surface area decreased to
205 mz/g. The liquid nitrogen adsorption—desorption isotherms
of the SiO,—Fe;0,~HPP-Ru catalyst are shown in Fig. S2 in the
ESI. The powder X-ray diffraction data (Fig. S3 in the ESI)
revealed the presence of a polymer halo in the diffraction pattern
in the region of 10° 20, a broad signal at 22° 26 corresponding to
SiO,, as well as a set of reflections corresponding to the spinel
structure (Fe;0y,).

The amount of ruthenium introduced into the composite,
estimated based on the results of X-ray fluorescence analysis
(XRF) was 3.3 wt %. Furthermore, the chemical composition of
the catalyst was confirmed using energy-dispersive X-ray
spectroscopy (EDS) (Fig. 1). The spectrum shows the presence
of all constituent elements. The signal at 8 keV corresponds to
Cu Ko emission and its presence is associated with the
application of a copper grating for the spectrum registration.

The morphology and location of chemical elements in the
catalyst were studied using elemental maps obtained by EDS
(Fig. 2). The micrographs revealed the presence of a carbon
shell distributed around silica gel particles.
nanoparticles are located in the pores of silica gel. Ruthenium is

Iron oxide

also evenly distributed throughout the sample, with no visible
aggregates, which indicates its reliable stabilization.
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Figure 1. EDS spectrum of the SiO>-Fe;Os,—HPP—Ru catalyst.

Figure 2. Dark-field image of the SiO,—Fe;0,~HPP—-Ru catalyst (a) and
elemental maps for Si (b), Fe (c), C (d), N (e), and Ru (f).

The valence state of the metals was studied using X-ray
photoelectron spectroscopy (XPS). Figure 3a shows the Fe 2p
XPS spectrum. The spectrum deconvolution revealed the
presence of Fe** and Fe** compounds with peaks located at
710.4 and 712.2 eV for 2ps, Fe** and Fe**, respectively. In this
case, the presence of a plateau between the Fe** and Fe** peaks
indicates the formation of Fe;O4. Otherwise (in the case of the
formation of Fe,O;), the predominance of Fe** would be
reflected in the appearance of an additional peak related to the
satellite, with a binding energy higher than the main peak by 8
eV.

The analysis of the N 1s spectrum (Fig. 3b) indicated the
presence of a peak with a binding energy of 399.5 eV, which
corresponds to the pyridine ring coordinated with the metal [40].
The data obtained confirm the complexation of the introduced
ruthenium salt with pyridine units included in the polymer. The
deconvolution of the high-resolution Ru XPS spectrum showed
the presence of two Ru compounds. Table S1 in the ESI presents
the spectrum decomposition parameters. The peak with a
binding energy of 282.5 eV corresponds to 3ds), Ru** in RuCls.
The second peak with a lower binding energy of 281.4 eV refers
to Ru(OH); or aqueous RuCl; complexes, which is a standard
phenomenon for RuCl;. Thus, the XPS spectrum of commercial
RuCl; also demonstrates the presence of two peaks, which can
be attributed to RuCl; and Ru(OH); [41]. At the same time, in
aqueous solutions RuCl; easily undergoes aquation, resulting in
complexes [RuCly(H,0O),], RuCl;(H,0);, efc., as was shown
earlier [42]. The presence of the second type of Ru compounds
in the XPS spectrum may be associated with the use of THF as a
solvent at the stage of introducing the Ru salt into the
composite, as well as with the use of water-containing solvents
at the stage of purification of the SiO,—Fe;O,—HPP-Ru
composite.
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Figure 3. High-resolution XPS spectra of the SiO,—Fe;O,~HPP-Ru
catalyst: Fe 2p (a), N 1s (b), Ru 3d (¢).

It is known that Ru’ exhibits catalytic activity in the
hydrogenation of LA. However, its formation can occur in situ
during the reaction. It was shown that the activity of the catalyst
reduced in situ was superior to that of the catalyst reduced
preliminarily. In situ reduction occurred more efficiently in the
case of hydrated ruthenium surface [43]. Taking these data into
account, in this work no preliminary reduction of ruthenium was
performed, and its formation occurred during the reaction.

Most often, the hydrogenation of LA to GVL is carried out
in protic solvents, such as alcohol and dioxane. The use of an
organic solvent, as a rule, has a beneficial effect on the yield of
the target product; however, it can reduce the selectivity of the
reaction due to side reactions of the solvent itself, for example,
esterification or ring opening. However, the creation of a hybrid
organic—inorganic catalyst allows for the hydrophilization of the
catalyst surface to some extent compared to similar composites
obtained only on the basis of pyridylphenylene polymers, due to
the presence of hydroxy groups on the surface of silica gel. In
view of this, and also considering that water is the best solvent
in terms of green chemistry, in the present study, the
hydrogenation of LA was carried out in water.

Temperature and pressure have strong effect on the process.
The dependence of LA conversion on these parameters is
presented in Fig. 4. As could be expected, a temperature rise
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significantly increases the conversion of LA (Fig. 4a). Thus, at
150 °C, 100% conversion was achieved in 180 min, while at 100
°C, during the entire experiment (240 min) the conversion was
62.1%. Similarly, an increase in the pressure led to an increase
in the conversion. The experiments (Fig. 4b) were carried out at
a constant temperature of 120 °C. However, increasing pressure
did not affect an increase in the conversion as dramatically as
temperature.
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Figure 4. Effect of temperature (@) and pressure (b) on the LA
conversion. The experiments were carried out at 2 MPa, the effect of
pressure was studied at 120 °C.

The results of the catalytic experiments are presented in
Table 1. As can be seen, the catalyst showed high activity and
selectivity, affording quantitative yields of GVL. Depending on
the reaction conditions, the time for 100% conversion varied
from 90 to 240 min. The selectivity value averaged 99% or
higher. The comparison of the catalyst under consideration with
the previously developed catalysts (Table S2 in the ESI)
demonstrated the effectiveness of the proposed approach.

After the reaction completion, the catalyst was separated
from the reaction mixture using an external magnetic field,
regenerated by washing with water, ethanol and acetone, and
used in six successive catalytic runs. The results are presented in
Fig. 5. The experiments were carried out under the most severe
reaction conditions: 150 °C, 5 MPa. The catalyst showed
excellent stability; the GVL yield after 6 catalytic runs was
95.5%.

The presence of possible changes in the catalyst after the
reaction was assessed using EDS elemental maps (Fig. 6). The
hydrogenation of LA was accompanied by the formation of
small ruthenium nanoparticles (Fig. 6d). However, the number
of particles, as well as their sizes are small, which indicates
reliable stabilization of Ru by the polymer layer and ensures its
high activity in the repeated tests.

Table 1. Results of the catalytic testing of Si0,—Fe;O,—~HPP-Ru

Con- Selec- GVL
Entry ojé Nfl;a n:;n version, tivity, yield,
% % %
1 100 2 240 62.1 99.2 61.6
2 120 2 240 89.5 98.7 88.3
3 130 2 240 100 99.5 99.5
4 150 2 180 100 100 100
5 100 3 240 69.3 97.8 67.8
6 120 3 240 98.3 99.3 97.6
7 130 3 180 91.2 98.7 90.0
8 130 3 240 100 99.5 99.5
9 150 3 120 96.5 99.0 95.5
10 150 3 180 100 100 100
11 100 5 240 77.2 98.7 76.2
12 120 5 180 954 99.6 95.0
13 120 5 240 100 100 100
14 130 5 60 86.5 99.3 85.9
15 130 5 90 98.2 99.8 98.0
16 150 5 60 97.8 99.7 97.5
17 150 5 90 100 99.8 99.8
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Figure 5. Results of the recycling of the SiO,—Fe;O,—HPP—Ru catalyst
in six catalytic runs at 150 °C, 5 MPa, and reaction time 90 min.

Figure 6. Dark-field image of the SiO,—Fe;O,~HPP—Ru catalyst (a) and
elemental maps for Si (), Fe (c), and Ru (d) after two catalytic runs.
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Experimental section
Synthesis of the catalyst

The synthesis of the SiO,—Fe;O0,~HPP substrate was carried
out according to the earlier developed procedure [24]. For this
purpose,  two namely, a first-generation
pyridylphenylene dendrimer bearing six ethylene groups and
bis(cyclopentadienone) with two diene bonds were adsorbed on
the surface of mesoporous silica gel with pre-synthesized
magnetic nanoparticles. After this, a solvent (diphenyl ether)
was added to the mixture, and the Diels—Alder polycondensation
was carried out for 10 h. The solid was then separated from the
reaction mixture using a rare-earth magnet and washed
thoroughly with dichloromethane and acetone to remove
unbound polymer molecules. The sample was dried in a vacuum
oven and used as a substrate for introducing RuCl;.

To synthesize SiO,—Fe;O,—~HPP-Ru, RuCl; (0.228 g) was
dissolved in THF (340 mL). SiO,~Fe;O,~HPP (1 g) was
suspended in THF (1 L) in a round-bottom flask connected to a
dropping funnel which was charged with a solution of RuCl;.
The complexation was carried out at room temperature during
stirring for 10 h, sequentially adding the solution of RuCl; to the

monomers,

support. After the reaction completion, the composite was
separated using a magnet and washed with THF and acetone.
The sample was dried in a vacuum oven at 40 °C.

Hydrogenation of levulinic acid

LA hydrogenation was carried out in a Parr Series 5000
Multiple Reactor System (autoclave-type reactor) at a stirring
speed of 1500 rpm, varying the process parameters such as
temperature (100-150 °C) and partial hydrogen pressure (2—5
MPa). In a typical experiment, 0.01 g of the catalyst, 1 g of LA,
and 50 mL of the solvent (distilled water) were placed in the
reactor. The reactor was then sealed, purged with nitrogen (0.02
MPa), and heated under stirring. Once the selected temperature
was reached, nitrogen was replaced with hydrogen, the pressure
was adjusted, and the reaction began.

The samples of the reaction mixture were analyzed using a
gas chromatograph (Kristallux 4000 M) equipped with an FID
detector and a ZB-WAX capillary column (60 m x 0.53 mm
internal diameter, film thickness 1 pm). The detector and
injector temperatures were 250 °C and 300 °C, respectively. The
column temperature was programmed as follows: 150 °C (13
min), heating to 230 °C (30 °C/min), and then 230 °C for 7 min.
Helium (30 mL/min) was used as a carrier gas. The
concentrations of the components of the reaction mixture were
calculated using the absolute calibration curve method based on
chemically pure components of the reaction mixture.

The LA conversion was determined as follows: X; (%) =
(CLA,OchA)'CLA,Oil' 100. The reaction selectivity was defined as
follows: Sgvi. (%) = CGVL-(CLA,OfCLA)f'lOO. The GVL yield
was calculated as the product of the conversion and selectivity.

For recycling experiments, the catalyst was separated from
the reaction mixture, rinsed with water (500 mL), and dried in a
vacuum oven at 70 °C. The subsequent catalytic reaction was
carried out according to the above-described procedure.

Methods of analysis

The samples for EDS studies were prepared by immersing a

123

copper grating with a deposited carbon layer into the SiO,—
Fe;O,—HPP—Ru powder. The scanning transmission electron
microscopy (STEM) and EDS microanalysis were conducted on
an Osiris TEM/STEM microscope (Thermo Fisher Scientific,
USA), equipped with a high-angle annular dark-field detector
(HAADF) (Fischione, USA) and a Super X X-ray EDS
spectrometer (ChemiSTEM, Bruker, USA) at an accelerating
voltage of 200 kV. The resulting images were processed using
Digital Micrograph (Ga-tan, USA) and TIA (Thermo Fisher
Scientific, USA) software.

The powder X-ray diffraction studies were performed with a
Rigaku MiniFlex600 diffractometer (Rigaku Corporation,
Japan) using Si Ka radiation (40 kV, 15 mA, Ni-K8 filter) in the
angle range 20 = 20—80° with a scan step of 0.02° and a speed of
0.5°/min. The assignment was made using PDXL software
(Rigaku Corporation, Japan) and the ICDD PDF-2 database
(2017).

The XPS data were obtained on an Axis Ultra DLD
spectrometer (Kratos) using monochromatic Al Ko radiation.
All data were obtained at an X-ray power of 150 W. The total
spectra were recorded with an energy step of 1 eV at an analyzer
transmission energy of 160 eV, while the high-resolution spectra
were recorded with an energy step of 0.1 eV at an analyzer
transmission energy of 40 eV. The samples were degassed for
180 min prior to the experiments and were stable throughout the
study. The resulting data were analyzed using CasaXPS
software.

The content of Ru was determined by X-ray fluorescence
measurements performed on a Zeiss Jena VRA-30 spectrometer
equipped with a molybdenum anode, a LiF200 analyzer, and an
SD detector. The data collection time was kept constant and
composed 10 s. The analysis was performed on the Ru Ka line,
and a series of standards were prepared by mixing 1 g of
polystyrene with 10-20 mg of the standard compounds. The
elemental analyses for C, H, N, and S were obtained using a
Vario Microcube microanalyzer (Elementar).

Conclusions

The creation of hybrid organic—inorganic catalysts is a
promising way to construct catalytic systems owing to the
combination of the principles of coordination chemistry,
homogeneous catalysis, supramolecular chemistry with the
advantages of uniform spatial distribution of catalytic centers,
their This
demonstrates the effectiveness of this approach to the creation of
the catalytic composite exhibiting high activity and selectivity in

accessibility and reliable stabilization. work

the hydrogenation of LA to GVL. The resulting Ru-containing
catalysts with a layer of the pyridylphenylene polymer applied
to SiO, provided a quantitative yield of GVL. While the
pyridine units included in the polymer layer reliably stabilized
the Ru®* compounds, the inorganic support, which was a
mesoporous  silica gel with incorporated iron
nanoparticles, provided the possibility to carry out the catalytic

oxide

reactions in water, due to the presence of hydroxy groups on the
surface of silica, gel as well as efficient catalyst separation and
recycling. Owing to the reliable stabilization, the ruthenium
particles did not aggregate during catalytic tests, and the catalyst
maintained its high activity in six catalytic runs.
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